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FOREWORD
During the past several years, the Lewis Research Center has been engaged in a program
to advance the technology of space power systems. The program has represented a sub-
stantial fraction of the overall NASA program in this area, although other NASA centers
have made important contributions. During this same time the Department of Defense and
the Atomic Energy Commission have also been conducting programs.
Presentation of an overall review of the progress in this field is timely. A few years ago,
space power systems advanced technology was characterized by an abundance of ideas with
very little data available on which to judge their true potential. Today, although much re-
mains to be done, there exists a fairly considerable body of information which permits a
more realistic assessment of the problems and potentials of the various power systems of
interest.
This conference, under the chairmanship and cochairmanship of Bernard Lubarsky and
Newell D. Sanders, respectively, has been prepared by NASA personnel, but the informa-
tion presented includes important contributions by NASA contractors and by the Depart-
ment of Defense, the Atomic Energy Commission, and their contractors.
Abe Silverstein
Director
Lewis Research Center
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I. POWER SYSTEMS IN PERSPECTIVE
Bernard Lubarsky
A short introduction to place this overall review of progress in space power systems ad-
vanced technology in context is appropriate. Although many points are made which are obvious
to anyone working in the space power field, they are necessary to place the whole conference in
perspective. The discussion is in two parts: power systems that are currently in use and ad-
vanced power systems.
The chemical power system most used has been the battery. A brief survey revealed that
from the time NASA was organized until May 1966 there have been 138 space flights and over
700 sounding rockets flown. Every booster and sounding rocket used a battery for power, and
every payload had a battery aboard it somewhere. Even the two large Echo balloons had small
supplies aboard to power radio beacons, and these included batteries. The first flight which did
not have a battery in the payload was Pageos, the passive geodetic satellite, which was another
large balloon flown in June 1966.
Another chemical power system in use recently is the hydrogen-oxygen fuel cell. The Gem-
ini fuel cell (fig. I-l) is one of the two modules that together provide an average power of a little
under 1 kilowatt. The Apollo fuel cell (fig. I-2) is one of three modules that provide an average
t
power level of a little less than 1_ kilowatts. Fuel cells are the lightest power supply for dura-
tions of a few days to a few weeks. About 5 years ago fuel cell technology was just being firmly
established. Today the fuel cell power system is in use.
These are the chemical power systems in use. The only solar power system in use is the
solar photocell. It has been the workhorse long-time power supply since NASA's inception and
has been a very reliable power system. The solar cell arrays are lightweight, but energy stor-
age weights for dark periods are heavy for some missions. An important trend in recent years
has been a growth in the size of photocell arrays. In the early days of NASA, the power levels of
photocell arrays were at the most a few tens of watts. Recently larger arrays have been flown.
The largest array flown by NASA was on the Orbiting Astronomical Observatory (OAO) (figs. I-3
and I-4). The solar panels are 114 square feet in area and produce a power of somewhat under
1 kilowatt. A still larger array producing 1_ kilowatts has been flown by the Air Force. An
artist's sketch of that array on the Agena vehicle is shown in figure I-5. Figure I-6 shows one
wing of the 19-foot-long, 5-foot-wide 11-kilowatt array. The array, folded around the rocket
engine of the Agena, is shown in figure I-7.
The only nuclear power system in use is the radioisotope thermoelectric generator (RTG).
Isotope thermoelectric systems appear to be very reliable. Although heavier than the photocell
arrays, they require no energy storage for dark periods and no orientation. However, nuclear
safety must be assured for each application. SNAP-9A, a 25-watt RTG, has been flown on a
j--
Navy navigation satellite. The first NASA use of isotope thermoelectric systems will be on Nim-
bus B. Nimbus B (fig. I-8) uses two SNAP-19 radioisotope thermoelectric generators (fig. I-9)
for supplementary power to the main photocell supply. Each unit produces 30 watts of uncondi-
tioned power. The SNAP-19 is 22 inches across the radiator fins and 11 inches long and weighs
about 30 pounds.
As in the case of fuel cells, 5 years ago the technology of radioisotope thermoelectric gener-
ators was just being firmly established. Today they are reaching mission use.
These are all the power systems actually in use. Rather conspicuous by their absence are
any power systems using reactors and providing the large powers associated with reactor power
systems. They are absent primarily because the development of large reactor power systems
has been more difficult and time consuming than anticipated about 5 years ago. One reactor power
system has flown; that is the SNAP-10Aj a 500-watt reactor thermoelectric system, which has
been flown on a test flight although it has not been used on missions. The 500-watt power level is
low for reactor thermoelectric systems and therefore the probability is reduced that SNAP-10A
will have mission use. However, the technology acquired is being used to develop larger sys-
tems.
The technology program work on these systems, batteries, fuel cells, solar cells, and radio-
isotope generators, is described in papers II to IV. Later presentations discuss power systems
which are not in use, or advanced power systems.
The three principal power systems not in use on which the Lewis Research Center is work-
ing are the Brayton-cycle, gas-turbine power system; the Rankine-cycle, vapor-turbine power
system; and the thermionic emitter. Some of the characteristics of these three power systems
are as follows:
System
Brayton
Rankine
Thermionics
Characteristics
High efficiency
Large radiator area
Considerable existing technology
Lowest weight for given temperature level
Smaller radiator area than Brayton cycle
Two-phase, liquid metal system
Very high temperature
High power density
Smallest radiator area of the three systems
The thermionics system requires temperature levels considerably higher than the other two sys-
tems for its operation. However, if these temperature levels can be achieved, it offers high
power density, the smallest radiator area, and a weight as good as the weight of the Rankine sys-
tem at the lower temperature levels. In addition, it is a static system built of small modules
with the redundancy of parallel connections.
Thethree heatsources, solar, isotopic, andreactor, andthe powerconversionsystemor
systemswhichcurrently appearto be themostinterestingfor theseheatsourcesare asfollows:
Heat source Power conversion system
Solar
Isotope
Reactor:
SNAP-8
Advanced
Brayton
Brayton
Mercury Rankine, thermoelectric
Brayton, potassium Rankine, thermionic
This listing is not meant to imply that these are the only power systems of interest in an absolute
sense, but that, at this time, they appear to be the most attractive. Further technology work
might very well change this viewpoint. For solar and isotopic heat sources, efficiency is impor-
tant. In solar power systems, large collectors are required. The higher the efficiency, the
smaller the area of the collector. Isotopes are of limited availability and high cost. High effi-
ciency which will reduce the requirements for these isotopes is desirable. The desire for high
efficiency leads to the interest in the Brayton cycle for these heat sources. In addition, power
levels of interest for solar and isotope systems are from a few kilowatts to a few tens of kilo-
watts as compared with tens to hundreds of kilowatts for reactor systems. At these lower power
levels, the large radiator area of the Brayton cycle is a lesser handicap.
In considering reactor heat sources, an important feature arises immediately. Only one re-
actor, the SNAP-8, is sufficiently developed to be usable for missions of the 1970's. The tech-
nology of advanced reactors is not far advanced, and apparently it will be the late 1970's or 1980's
before any of these reactors might appear in mission use. The SNAP-8 reactor is a liquid-metal-
cooled reactor with a peak coolant temperature of 1300 ° F. In the late 1950's, the mercury Ran-
kine power conversion system was chosen as the power conversion system for the SNAP-8. The
choice was made because the Rankine system had both low weight and small radiator area. The
SNAP-8 is the only reactor power system fully committed to development at this time. Some
technology work is being done on thermoelectric converters which could be used with the SNAP-8
reactor. For an advanced reactor, all three power conversion systems are possible choices.
Not enough technology work has been completed to determine which system is best. Technology
work is being conducted on all three power conversion systems in order to make this determina-
tion.
These various advanced systems, the Brayton cycle, SNAP-8, the potassium Rankine cycle,
and thermionics, and how they might fit into the future missions of NASA are discussed in papers
VtoX.
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Figure 1-1. - Gemini fuel  cell. 
CS-40300 
Figure 1-2. - Apollo fuel  cell. 
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Figure 1-3. - Orbiting astronomical observatory (OAO). 
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Figure 1-4. - OAO with solar panels folded. 
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Figure 1-5. - 1.5 Kilowatt solar ce l l  a r ray  o n  the  Agena. 
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Figure 1-6. - One-half of 1.5 kilowatt solar cel l  array. 
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Figure 1-7. - Folded solar cell array. 
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Figure 1-8. - Nimbus with SMP-19 generator. 
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Figure 1-9. - Closeup of SNAP-19 generator on Nimbus. 
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II. BATTERIES AND FUEL CELLS
Harvey J. Schwartz, J. Stewart Fordyce, Robert B. King, James M. McKee,
Daniel G. Soltis, and Lawrence H. Thaller
INTRODUCTION
Since electrochemical systems will be used for a long time to come, it is worthwhile to dis-
cuss briefly what might be gained by improving these systems. First, consider the battery which
is the main energy storage and conversion device in use today. One obvious area for improve-
ment is in energy density, or the watt-hours of energy delivered per pound of battery weight. The
silver-zinc primary battery, the main one used today, delivers from 30 to 90 watt-hours per
pound depending on its discharge rate. This means that approximately 10 to 35 pounds of batter-
ies must be supplied for each kilowatt-hour delivered. The situation is even worse for secondary
or rechargeable cells. For this type of service the silver-zinc battery can not be used because
of a variety of problems which will be discussed later. Therefore, the less energetic silver-
cadmium and nickel-cadmium systems must be used. These have good cycle life, but the silver-
cadmium cells are restricted to use in situations where low charge rates are acceptable. This
leaves nickel-cadmium as the only proven, reliable battery system for long-term service where
rapid recharge is needed, such as for low-altitude Earth-orbiting satellites. However, the
nickel-cadmium cell only delivers a few watt-hours per pound, if long life is desired. It is ap-
parent why this causes concern if one considers the 50-kilowatt solar-cell power system using
nickel-cadmium batteries for energy storage. If lifetimes of several years are necessary, ap-
proximately 15 000 pounds of batteries would be required if a rather optimistic 2 watt-hours per
pound were assigned as the energy density of the battery. It is obvious that 5000 pounds could be
saved if the energy density delivered were 3 instead of 2 watt-hours per pound. Since expected
cost per pound of material in orbit is roughly equivalent to its weight in gold (i. e., $500/lb), this
would represent a tangible "savings" of $250 000 per application. Improving the energy density
from 2 to 3 watt-hours per pound sounds easy, until one realizes that a number of years of re-
search have not significantly increased the energy density of this system, and that at present, the
mechanism of the reaction occurring at the nickel electrode is not known for certain.
It can be seen that much can be gained from improving energy density. Similar arguments
can be made for improving other parameters, such as life, temperature capability, reliability,
etc., for fuel cells as well as batteries. Our electrochemical technology program, which is
aimed at improving the performance of all types of electrochemical systems, is divided into the
following four areas:
(1) Work on conventional batteries, such as nickel-cadmium or silver-zinc
(2) Improvementin batteryperformanceat extreme temperatures, both high and low
(3) Research on new systems that promise major increases in energy density
(4) Research and development on fuel cell systems and components of all types
Approximately 80 percent of the NASA spacecraft flown to date have carried nickel-cadmium
secondary batteries. As noted previously, this nickel-cadmium system is characterized by long-
life operation and unfortunately by low energy density where long service is required. Work on
the nickel-cadmium system is an important part of the conventional battery improvement pro-
gram.
STABILITYAND STRUCTURE OF NICKEL OXIDES
One way of improving performance of existing systems is to increase the efficiency of the re-
actants. In the nickel-cadmium system, one of the persistent problems is the loss of charge on
the nickel oxide electrode on standing at open circuit. The mechanism for the loss of charge has
been studied comprehensively by Conway and Bourg_ult (ref. l) who concluded that the reaction
is controlled by the electrochemical reaction of oxygen evolution, rather than the nonelectrochem-
ical decomposition or oxygen desorption from the surface phase which had been advanced by
others (ref. 2). The details of the mechanism are still not completely resolved. The technologi-
cal problem remains, however, and work is being supported at Gulton Industries, Inc. to look
into ways o_ stabilizing the charged electrode especially at elevated temperature where the loss
of charge is severe. This is needed because the battery must perform under a variety of ambient
conditions for space application. Two approaches have been taken so far. One is to charge the
electrode at different rates and temperatures to study the influence of these variables on the
stand characteristics. No really significant improvements have been obtained in this way. A sec-
ond approach has been to introduce cations other than nickel into the electrode. The transition
metal ions such as cobalt and manganese introduced at a level of 20 atom percent were found to
have a marked improvement on retention characteristics as shown in figure II-1 where a compar-
ison of percent charge retention is plotted against time in days on stand at 150 ° F. The electrodes
used for these studies were loaded with the same total number of metal ions in each case. The
upper curve is for electrodes containing 20 atom percent of cobalt or manganese and 80 percent
nickel, while the lower curve is for 100 percent nickel. When metals of groups I mud II of the
periodic table were added, inferior results to the control positives were obtained. The change in
the rate of charge loss after 1 day implies a change in the mechanism which is not understood at
this time. The forming process used in the electrode preparation suggests that in the case of the
manganese and cobalt doped system the charged electrode consists of the mixed oxides (or hy-
droxides) though this has not been proven or even examined. It should be noted that the divalent co-
balt and manganese hydroxides have a structure identical to the nickel compound but with slightly
larger lattice dimensions. The retention results suggest that the charged cobalt and manganese
oxides are stable in contrast to the nickel oxide under these conditions, though this does not ac-
count for the whole effect. Nothing is known at present how much of the electrode capacity is due
to the electrochemical reduction of cobalt or manganese oxides (or hydroxides) or in what form
they exist. One further point should be made that even though the mixed oxide of magnanese with
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nickel imparts thesameimprovedretentioncharacteristicsasthecobalt-nickelsystemthere is
a significantdifferencein theutilization efficiencyin thetwocases(ref. 3). This is shownin
figure II-2 wherethe utilization efficiency(basedonthecapacityobtainedfor 100-mAdischarge}
is plottedagainstthedischargecurrent in milliamperes. Thedip in all the curvesat 500milli-
amperesis a real effectbut is notyet explained. Themanganesedopedmaterial followsthepure
nickel control while thecobaltdopedelectrodeshowsenhancedutilization at all currentsstudied.
This possiblyindicatesa preferred crystallite size for the mixedcobalt-nickeloxidesystem
thoughthis is by nomeansthe onlyexplanation. Muchwork remainsto bedonein this promising
area.
In additionto theuseof empirical methodssuchasthosejust describedto improvestability,
it is importantto understandwhatoccursin the nickeloxideelectrodeonchargingandto deter-
mine, if possible, thenatureof the "chargedstate." Suchstudiesprovideafundamentalbasis
for potentialimprovementswhichare not evenrecognizedyet. Theidentificationandcharacter-
izationof materials formedin thenickel oxideelectrodeat variousstatesof chargehavebeenthe
subjectof muchstudywithconflicting results (e.g., refs. 4 and5). In view of this, theprogram
with GultonIndustriesalsoincludesa substantialeffort aimedat the ellucidationof thestructure
of the nickeloxidein thesinterednickelplate electrode. TheX-ray diffraction techniquehas
beenemployedonwetplatesandgooddiffraction datahavenowbeenobtained(ref. 6). Figure
II-3 showsthe diffraction intensityas a functionof diffractinganglefor plateschargedto thelevel
shown. Thepatternof the dischargedmaterial at thetop showsthethreeprincipal reflectionsat
38.3°, 32.8°, and19°. Thesepeaksare identifiedbytheir Miller indices, 101- 002, 100and
001,whichdescribethecrystallographicplanes. Thismaterial is nickelhydroxide(Ni(OH)2),
which agrees with the conclusions of previous studies (ref. 7}. As the charging level increases,
there is essentially no major change in the diffraction pattern, and therefore, no change in struc-
ture occurs up to the 90-percent level. During the charging process, the active material is oxi-
dized from Ni(II) to Ni(M) though Labat (ref. 5) has found magnetic evidence for the initial for-
mation of Ni(IV). There is the simultaneous loss of a proton to the electrolyte solution. At
100-percent charge, the intensity of the 100 and 101 - 002 reflections begin to decrease. At 133-
percent charge, the 100 reflection has completely disappeared and the 101 - 002 reflection is
considerably reduced in intensity. These results, together with Kober's (ref. 7) infrared absorp-
tion data which show the formation of hydrogen bonds in the charged material relative to the dis-
charged material where 'Vfree OH '_ exists, lead to the following description of the charging proc-
ess. In figure II-4(a) is the unit cell of the hexagonal layer structure of nickel hydroxide
(Ni(OH)2) showing the positions of the nickel, oxygen, and hydrogen atoms; the presence of free
OH in the structure should also be noted. This is the discharged state. Up to 90 percent of
charge, the only change that occurs is the loss of one of the protons and the formation of a hydro-
gen bond between the two oxygens as shown in figure II-4(b}. As charging continues above the
90-percent level, the intensity data indicate (by comparison with calculated intensities based on
postulated structures} that the ordered layer structure disappears and is replaced by a random
stacking of the layers (ref. 8).
When charge input is twice the capacity, that is, at 200-percent charge, the intensity of all
the reflections is very weak, which indicates that the material is amorphous in character but
another phase is making its appearance at 12.7 °. As charging continues, recrystallzation to the
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characteristicy-NiOOH has occurred showing peaks at 37.5 °, 25.5 °, and 12.7 °. The structure
of this latter material is not known but is undergoing further investigation.
The success with these studies demonstrates the feasibility of using the diffraction pattern
and its intensity as a means of characterizing a charged electrode and providing insight into the
process involved in its operation. The application of these and other structural tools to electro-
chemical problems is a fertile field for further investigation.
IMPROVED SILVER-ZINC SECONDARY CELL
The nickel-cadmium cell because of its long cycle life and performance characteristics justi-
fies considerable effort, but a secondary system that appears very attractive on the basis of en-
ergy density is the silver-zinc couple. A couple of this type would be most desirable as a long-
life secondary cell. However, due to a number of problems, its usefulness is limited to short-
term applications. A number of the problems which plague this cell are the following:
(1) Soluble electrodes - silver oxide in charged state, zinc oxide in discharged state
(2) Separators not inert to their environment
(3) Zinc electrode susceptible to dendritic growth
These factors cause the cell to be limited in cycle capability. Elimination of all or some of these
problems should give a cell which would find considerable use.
As a result of one of the contracts in which an attempt was made to develop an inorganic ion
exchange membrane for a fuel cell, it was suggested that a similar type membrane, stable in po-
tassium hydroxide (KOH) and of controlled pore size, could perform effectively as a separator in
a secondary battery. Therefore, Astropower Laboratory of Douglas Aircraft began work to de-
velop a membrane of this type. As a result of their investigations, a separator was developed
that was inert in caustic, resisted the dendritic growth of the zinc electrode, and blocked the mi-
gration of the dissolved electrode materials. These factors alone warranted the development of
this cell type. The separator is made from a combination of inorganic materials which after ball
milling are compacted in the die shown in figure II-5 and then sintered. If the proper choice of
materials and processing conditions is made, a controlled pore size membrane can be fabricated
which will exclude the dissolved electrode materials.
The charge-discharge curves shown in figure II-6 are of a simple two plate cell that was
tested during the feasibility study of the separator. This cell, which is one of the cells that indi-
cated the potential of this development, was discharged at 77 ° F at 20 milliamperes per square
centimeter for 30 minutes and charged at 12 milliamperes per square centimeter for 1 hour. The
voltage curves of the discharge periods were quite constant throughout the cell's life. The test
was discontinued at 2700 cycles because of the degradation of the zinc electrode. In fact, most of
the problems encountered in these cells were due to poor seals and failure of the zinc electrode.
Another factor which evolved during testing was the ability of this cell to operate over a wide
temperature range and to withstand sterilization temperatures with little or no degradation of
capacity. Figure II-7 compares the performance of two cells cycled at 77 ° F on the 1/2-hour-
charge, 1/2-hour-discharge cycle. Illustrated are cycles 1 and 220 of a sterilized and an un-
sterilized cell. The sterilized cell had been subjected to three periods of 36 hours each at 293 ° F
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prior to testingat 77° F. As canbeseen,theperformanceof the cells compares favorably.
The next series of figures illustrates the cycling capability of the various cell types against
temperature. Figure II-8 compares the standard silver-zinc cell against the experimental cell.
The maximum cycle life of the standard cell is about 400 cycles compared to 1800 for the experi-
mental, while the best obtained from this cell is 2700 cycles. The temperature range at which
the experimental cell will operate is twice that of the standard cell (from approx. 30 ° to 300 ° F),
and as can be seen, over 1000 cycles can be obtained over most of this range of temperature.
These performance characteristics are a significant improvement over the state of the art. Fig-
ure II-9 shows how this performance measures up to the other systems. The nickel-cadmium
cell undoubtedly has the best cycle life, but just as the other standard cells, it is limited as to the
range of temperatures over which it can operate. The experimental silver-zinc cell, however,
almost equals silver-cadmium performance and exceeds it considerably in respect to its operating
temperature range. It is realized that the performance characteristics of all cell types are con-
tinually increasing; however, it is felt that the performance of the experimental silver-zinc cell
will keep pace with these improvements and has a chance of exceeding them.
The development of the cell has progressed satisfactorily over the past 2 years and now a
9-plate, 5-ampere-hour cell is being fabricated. The construction of this cell differs somewhat
from conventional types. Figure II-10 shows the basic assembly of the cell. The difference in
the construction is the method in which the cell pack is assembled prior to insertion into the case.
Each separator is sealed into the slotted frame to form discrete compartments, and then the
electrodes are placed into these cavities. A complete seal is necessary to prevent species mi-
gration around the edge of the separator. The frame approach also facilitates assembly of the
cell pack and insertion into the case. Electrolyte is added after the pack is inserted and the top
seal closure made. The evaluation of these 5-ampere-hour cells has just begun.
The energy density expected from the cell should not differ significantly from standard silver-
zinc cells; however, when compared with cycle life, there should be a significant difference in
performance at each rate. A small weight penalty may occur because of the separator and frame
construction, but other methods of encapsulation of the separator may bring this in line. In fig-
ure 11-11 a comparison is made between the energy density and cycle life of the various systems.
If long cycle life at low energy densities is desired, the nickel-cadmium battery should be used
since as many as 10 000 cycles are reported. For shorter periods, however, the experimental
silver-zinc cell would provide increased performance up to 3000 cycles. The curve for the
silver-zinc cell shows a range of values with the uppermost line representing the best numbers
obtained to date; the lower curve gives the average value. There is a significant difference
when comparing the various cells at the higher rates for short times where on the basis of energy
density the experimental silver-zinc cell exceeds them all. Any improvement in cycle life will
only increase the advantages and subsequent utility of this development. Results of testing to
date indicate that very few failures occur because of the separator; the major limiting aspect of
this cell is the performance of the zinc electrode. A program has just been initiated to investi-
gate what can be done to increase the efficiency and performance of this electrode. Any improve-
ment here will surely increase the importance of this cell.
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EXTREMETEMPERATUREBATTERIES
So far the discussion has been concerned with batteries that operate over the rather nominal
temperature range of 0° to 300 ° F. In the space program, there are more severe operating con-
ditions, and the nonaqueous systems for operation at extreme temperatures are being investigated.
For the exploration of the surfaces of Mercury, Venus, and Mars and the possibility of close-in
solar probes, a temperature range of -400 ° to 1000 ° F can be anticipated.
Figure 11-12 illustrates the effect on battery capacity when operation is required outside of
their normal temperature range. The batteries concerned are low-rate silver-zinc primary cells
that were stored for 2 weeks at different test temperatures and then discharged while still at these
temperatures. The percent of original capacity is plotted as a function of test temperature. Note
that over the range of 0 ° to 80 ° F the 2-week wet stand does not reduce capacity significantly, but
that at high and low temperatures the drop off is appreciably. At lower temperatures the fall off
is due to poor utilization, while at elevated temperatures the phenomenon responsible is consump-
tion of the active material due to direct chemical reaction.
There are two methods to cope with the problem of extreme thermal environments. The
first is to protect the battery by thermal insulation and auxiliary heating in cold environments.
The second, and preferred, is to build a battery system that will operate in the particular envi-
ronment of interest.
The task of finding electrochemical systems that will operate at extreme temperatures is
quite interesting. No longer will aqueous electrolytes be useful. It has been known for many
years that molten mixtures of alkali halides are, in themselves, ideal nonaqueous electrolytes.
They are very fluid, have high decomposition potentials, have conductivities much higher than
any aqueous system, and are powerful solvents for almost any type of compound. However, the
high melting points of even the eutectic mixtures of these compounds have prevented the wide-
spread usage of this type of electrolyte.
Strangely enough there is one class of batteries which takes advantage of this fact. When
batteries are made with these high-temperature electrolytes, they have literally years of room
temperature shelf life, since the rates of self discharge at these temperatures are almost zero.
When one wants to use these batteries one just melts the electrolyte and the battery is then ready.
These cells or batteries, as the case may be, are used exclusively by the military and are re-
ferred to as thermally activated cells or simply thermal cells. In figure II-13 is a typical ther-
mal battery.
The individual components of each cell have a layered arrangement. Calcium is usually em-
ployed as the anode. It reacts chemically with the melted electrolyte to form a liquid alloy of
lithium and calcium at the anode surface. This makes an ideal electrode for high rates of dis-
charge. The eutectic mixture of lithium chloride and potassium chloride is the usual electrolyte.
A frequently employed cathode material is potassium chromate. The individual cells of the bat-
tery are brought up to the operating temperature by a pyrotechnic device that is interleaved be-
tween the individual cells. An electric match initiates the very rapid but almost gasless heat-
producing chemical reaction that takes place in these layers. Thermal insulation helps keep
down the heat losses from the activated battery. Because of the high solubilities of the cathode
materials in the electrolyte, the rates of internal chemical reaction are very high. For this
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reason,thesecells canonlyoperatea fewminutesat themost. For their particular application,
however,theycanperform thelob better thananyotherbattery.
A fewyearsagoNASALewisResearchCenterbecameinterestedin batteriesthat wouldop-
erate for periodsof severaldaysat temperaturesof about800° F. Onepossibleusewouldbe for
probessentto the planetVenuswherethe surfacetemperaturesare expectedto be in that vicinity.
In this application, internal heating devices to activate the battery are not too great a concern. A
research program was started at Lewis to investigate possible electrochemical systems which
might be useful for this application. The magnesium - copper oxide system was finally selected
for intensive investigation. Figure II-14 illustrates one of several types of cells used in these
studies. As to size, the cylindrical case has the same dimensions as a flashlight D cell. The
copper can itself is the current collector for the cathode, and a stainless-steel shaft threaded
into the anode conducts the current up through the insulated feedthrough. A woven glass separa-
tor material is employed in these cells.
The eutectic mixture of lithium chloride potassium chloride was picked for the electrolyte.
It has a convenient melting point of 685 ° F, a high decomposition potential of about 3.5 volts, and
an excellent ionic conductivity. Once the electrolyte had been picked, the electrode materials
were selected on the basis of thermodynamic compatibility with it. Magnesium and cupric oxide
both have high half-cell potentials, low equivalent weights, and were thought to have tolerable
solubilities in the molten salt electrolyte. These hermetically sealed cells are placed in a fur-
nace and discharged at a constant load. A typical discharge curve of this type of cell is shown in
figure II-15. Here, the current, voltage of the cell under load, and the periodically observed
open circuit voltage are plotted as functions of time. Two aspects of this plot are to be noted -
one being the rather flat current against time curve at these light discharge rates, and the other
the large step in the open circuit voltage curve. This large step is due to a change in the elec-
trochemical reaction during the latter part of the discharge.
One of the important features being investigated in these studies is the average rate of self-
discharge of different types of cell configurations. When five identical cells were discharged at
different average currents and the anode efficiencies were plotted against these currents, it was
found that although the anode efficiency increases with increasing current drains, the rates of
self-discharge for all of these cells are about the same. From other preliminary experiments,
it was deduced that this rate was controlled by the rate of diffusion of ions from the vicinity of the
cathode to the anode. When cells were made that would hinder this diffusion, cells with lower
rates resulted. Figure II-16 shows the value of the self-discharge rates for different cell config-
urations. It is seen that average rates decreased from about 200 to about 3 milliamperes as the
distance was increased between the anode and cathode and other structural arrangements were
made to decrease the surface area of the electrodes. The internal resistance of the cells with
very high self-discharge rates is about 0 1 ohm, while for the cells with very low rates the resis-
tance goes up to about 1 or 2 ohms. It is obvious that these latter cells cannot deliver currents
as high as the former type. So it is seen that, as stated earlier, every cell made is a compro-
mise between having low self-discharge characteristics and having the ability to deliver high cur-
rent. However, from the results of these studies it will be possible to design cells which, for a
given desired service life, will have the optimum balance of these two factors. The encouraging
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resultsobtainedthusfar havepromptedtheNASAto awarda contractto further studythemag-
nesium- copperoxidesystem.
Thenexttypeof battery to bediscussedwouldbeuseful at very low temperatures. These
mightbeusedonprobesto cold environmentssuchas the surfaceof Mars. Hereagaina non-
aqueouselectrolyteis calledupon. Thesebatteries, nowunderinvestigation,utilize liquid am-
moniasolutionsasthe electrolyte. Thegroundwork for theselow-temperaturebatteries was
startedsome20yearsagowithwhatare referred to asthe ammoniavaporbatteries. Later with
the introductionof strongerbatterycasings,highervaporpressurecells offering higherperfor-
mancewereintroduced. Thesehighervaporpressurecells also extendedtherangeof low-
temperatureoperation. Figure11-17showsanup-to-datehighpressurecell. As with the ammo-
nia vaporcells, it is a reserve-typebattery, _hich is onethat is activatedjust beforeit is to be
used. In this instance,theammoniais containedin a reservoir abovethebatterysection. Upon
mechanicalor electrical ignition of thepercusioncap, theresultingpressurebuildupdrives the
lancethroughthethin membranelocateddirectly abovethecentral ammoniamanifold. Thecol-
lapsingreservoir walls force the liquid into themanifoldandon into the individualcell sections.
Thebattery is nowreadyto deliverpower. Thetechniqueof addingthe electrolyteat the last
minuteis a commononeusedto bypasstheproblemof highself-dischargerates. Theanodema-
terial is magnesiumwhichhasbeenplatedontosilver foil; the solutefor the electrolyte is potas-
siumthiocynate;andthecathodematerial is metadinitrobenzene.Thewideoperatingrangeof
-65° to 160° F results from theuseof liquid ammoniain a strongbattery case.
A studywasinitiatedbytheNASAto investigatebatteriesfor useat about-130° F. These
batteriesarebasedonthe generalprinciples of the conventionalhigh pressureammoniacells
just discussedand, in manyrespects,are similar. Thefirst area that neededinvestigationwas
that of findingwhetherthepotassiumthiocynatesalt woulddepressthefreezingpointof the solu-
tion to thetemperatureof interest, andstill serveas a suitableelectrolyte. FigureII-18 shows
the resultsof this investigation. It wasfoundthat the oxidizingagentusedin thehightemperature
ammoniabatterieswasunsuitablefor theselow-temperaturecells. Presently, mixtures of sulfur
andmercuric sulfatearebeinginvestigatedasthe cathodematerials. Concurrent with this is a
study of different amounts of conductive additives for the cathode mix and their effect on the over-
all cell performance.
Specific requirements of the contract are for single cells that will operate for at least 3 days
at a temperature of -130 ° F. Figure 12-19 shows the discharge curve of one of these experimen-
tal cells. This particular cell had a bobbin-type construction and is characterized by a rather
large drop in voltage during the first few hours of operation, followed by a gradual rise, and final-
ly, the normal dropoff to the cutoff voltage of 1.35 volts. This large decrease in voltage at the
start of operation is probably due to a change in the electrochemical mechanism at the cathode.
The number of chemical and electrochemical reactions that can take place in this system is ra-
ther large and not too well understood as yet.
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HIGH ENERGY DENSITY BATTERIES
Since the discussion on extreme temperature batteries is complete, attention can now be
turnedto nonaqueousbatteries of a different typewhichoffer promiseof major increasesin en-
ergydensity. It is easyto selectcombinationsof reactantswhichhavetheoreticalperformance
outputsthatfar exceedthosein usetoday. Onehasonlyto goto theperiodic tableandpick the
light metalsononehandasanodesandthehalogens,or their compounds,onthe otheras cath-
odes. Simplefree energycalculations(seetable II-I) showthat theseare goodchoices. Note
that thevoltagesfor lithium anodecombinationsare above3.0 volts, andthat theoreticalenergy
densitiesof between500and750watt-hoursper poundare predicted. Themagnesium-ACLsys-
tem is of interest in thedry tapebattery, whichwill bedescribedlater. Whileorganiccom-
poundstendto beheavycathodes,theACL shownhereis representativeof apromisingclassof
compoundsthat are characterizedby complexstructurescontainingmultiple positivechlorine
atoms.
As attractiveas thesefigures are, thematerialsare comparativelyexpensiveandno large-
scalecommercialmarkethasbeenevident, sothat work, mainlyundergovernmentsupport, on
thesesystemshasessentiallystartedfrom scratch in recentyears.
Oncepromisingelectrodecoupleshavebeenchosenfrom theperiodictable, the nextprob-
lem to befacedis the selectionof anappropriateelectrolyte. Theelectrolyte in anydynamic
electrochemicalsystemis requiredto ensurechargeneutralizationat theelectrodesurfacesby
givingor takingions from theinterfacesas electronsflow in the externalcircuit. It also com-
pletesthe electrical circuit (asyouhaveheard)andcontributesa series resistancewhichcon-
ductsby themigrationof ions in thepotentialgradientacrossthe cell. Thesefunctionsinvolve
masstransport processesandare influencedbythephysicalpropertiessuchastheviscosityof
themediumin whichtheyoccur.
For bestperformance,a batteryelectrolytemusthavethe followinggeneralproperties:
(1)Goodstability - It mustnot react chemicallyor electrochemicallywith the electrodema-
terials or decomposeunderthe conditionsof operation.
(2)Goodconductivity- It mustpermit reasonablecurrentdrain withoutexcessiveohmic
drop. Sincetheyare ionic conductors,this impliesthepresenceof a sufficientnumberof ions
with adequatemobility.
(3) Lowviscosity - This is desirableto maximizethe diffusionof thereactantsor products
of the electrochemicalreactionto or from thevicinity of theelectrodes. If the rate of diffusion
is slow comparedto therate of electrochemicalreaction, severeconcentrationgradientscan
form. This leadsto a decreasein the cell potential, theso-calledconcentrationpolarization,
whichis to beavoidedwhereverpossible.
Nowto theproblemin a highenergydensitybattery. First of all, sinceactivemetal anodes
suchas lithium arebeingused,anyelectrolytecontainingwater is ruled outsincerapid reaction
mayoccurwith thesemetalsto liberatehydrogengas. Onemust gothento the so-callednon-
aqueoussolutions, whichin the moderatetemperaturerangeare basedonorganicmaterials as
solventsfor themostpart. Of thesematerials, thosewhichreact readily with theactivemetals
must beavoidedof course. Themostcritical requirement,though,is the needto providegood
conductivity. This implies that theorganicsolventmustbecapableof dissolvingionic solidsto
form ions in solution. To guidetheselectionfrom amongthemanyorganicsolvents,thoseprop-
erties of a solventareconsideredthat influenceits ability to dissolveionic solidsto form a use-
ful electrolyte system.
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In order for anionic solid to dissolvein anysolvent,the ions in solutionmust representa
morestablestatethantheions in the solid lattice. Themagnitudeof thedifferencein stability of
thesetwostatesof the systemwill determinetheextentof the solubility. (Theprocessis de-
scribedin fig. II-20.) For ionic solids, the lattice is heldintactby strongforces; the energy
neededto dissociatethe solid to its ions is referred to asthe lattice energyandis definedin such
a waythat thegreaterthe lattice energythemore stablethe solid. Whenions gointo solution,
theycombinewith thesolventto form so-calledsolvatedions. Theseare ions that are tightly
boundto oneor moremoleculesof solvent. Theenergyliberatedin this process, the so-called
solvationenergy,is definedin sucha waythat thegreaterthe solvationenergythe greaterthe
stability of thesolvatedions. If the solvationenergyexceedsthelattice energy,thenthe solid
will gointo solutionsincethis will be themoststablestateof the system.
Mostorganicsolventshavea handicapwith regardto their solvationpropertiesbecause
thoseableto dosowill solvatethepositivelychargedcationsto a greater extentthanthe nega-
tively chargedanionswhichare hardly solvatedat all. This contrastswith thesituationin water
wherebothanionslike thechlorideion andcationslike thesodiumion are solvatedto roughlythe
sameextent. Sincethe solvationof bothanionsandcationscontributesto thesolvationenergy
leadingto solutionof thesolid, the inability of the anionto contributevery muchin theorganic
solventleadsto a lower solubility thanin water for thosesolids with large lattice energies
(ref. 9). Theonlywayto overcomethis handicapis to usesolventshavingvery large ion solva-
tion energies. Largesolvationenergiesare associatedwith thosemoleculeswhichare polar,
that is, thosewhichpossessseparatedcentersof positiveandnegativecharge. This require-
mentis moststringentin the highenergydensityprogramsincelithium anodesare beingused
andsolventsare neededwhichwill dissolvelithium salts, in particular the halides. Thesehave
large lattice energiesbecauseof thesmall sizeof the lithium ion.
It is indeedpossibleto findappropriatepolar solventsto dissolveionic solidsof interest.
However,it shouldbeemphasizedthat evenin dilute solutionit is possiblethat the ions are not
"free" butare associatedby electrostaticforcesto form nonconductingion pairs in solution, as
illustrated in figure II-21; thus, eventhoughsolubility hasbeenachieved,conductancemaybe
impaired. Theextentof ion pair formationis a sensitivefunctionof the dielectric constantof
the solvent. Thelaws of electrostaticswouldpredict that theforce holdingsuchan ion pair to-
getheris greaterthe lower thedielectric constantof the medium. Thus, the equilibrium shifts
to theright in mediaof low dielectric constantandvice-versa. In figure II-22 are experimental
results illustrating this (ref. 10), wherethe equilibrium constantsfor the formationof a typical
ion pair areplottedas functionsof thedielectric constant. It is notedthat for this particular
systemtheextentof ion pair formationdropsrapidly andbecomesnegligibleat a dielectric con-
stantof 44or a log of 1.63. In this casetheions involved(tetraisoamylammoniumnitrate) are
quitelarge, andtheion pair is unstableat this valueof the dielectric constant. For smaller
ions, anevenlarger dielectric constantis neededto prevent significantion pair formation. This
is a classicexperimentwhichillustrates very well the advantageof highdielectric constantmedia
to enhanceconductivity. Thoughthis simple considerationappliesonly in dilute solutions, it can
beexplainedquantitativelybythe electrostatictheory of ion pair formationdevelopedby Bjerrum
whichprovidesthesolid line throughthepoints. Theelectrostatic aspectsare onlypart of the
picture, however;in anysystemof practical significancewherehighconcentrationsare en-
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countered,manycomplexinteractionsinvolvingbothchemicalandphysicaleffectscanoccur.
Thethird requirementof abattery electrolyte, namelylow viscosity, hasto beconsidered.
As far asthe solventsare concerned,this meansthatthemoleculesshouldbesymmetricandof
relatively small size. However,theadditionof a solutecandrastically modifythe structure of a
liquid andchangeits properties. Theseinfluencesmustbekept in mind.
Onthebasisof theforegoingconsiderations,namelylargeion solvationenergy,highdielec-
tric constant,whichis typically in the rangefrom 35to 65comparedto waterwitha valueof
80, andlow viscosity, nonaqueoussolventsthat will all dissolveionic solidsto form electro-
lytes of value in highenergydensitysystemscanbeselected. Someof thesenonaqueoussolvents,
their abbreviations,anddielectric constantsare as follows:
N-nitroso-dimethylamine
Methylformate
Dimethylsulfoxide
Acetonitrile
Dimethyl formamide
Propylene carbonate
7-Butyrolactone
NDA 53
MF 8.5
DMSO 46
AN 37
DMF 37
PC 64
BL 39
Methyl formate though a suitable solvent is anomolous in that it has a dielectric constant of only
8.5. It serves to emphasize the importance of other factors.
Since the conductivity of the electrolyte must be as large as possible for battery application,
it is instructive to examine the conductance, as a function of the concentration of solute over a
wide range. In figure II-23 (ref. 11) are conductance-concentration plots for a couple of electro-
lytes in dimethyl formamide to show typical behavior. The increase in conductivity with larger
ion size should be noted. The curves show a maximum value at approximately 1.5 molal concen-
tration, which is typical for nonaqueous systems. This may result from either ion pairing or
from the pronounced increase in viscosity of DMF containing high concentrations of salts. Re-
member that conductivity involves mass transport and is sensitive to any property which impedes
ion movement.
For the case of KPF6, it is probable that the appearance of a maximum in the conductivity
curve is predominantly due to the viscosity increase, not to ion pair formation. This is shown
in figure//-24 where the viscosity and conductance are plotted together. The increase in viscos-
ity coincides approximately with the drop in conductance. This may be a typical phenomenon in
these types of concentrated electrolytes though the absence of quantitative data of this kind for
practical systems makes it difficult to deduce what limitations are being imposed by nature in
any given situation.
These limitations, which are rather specific for nonaqueous electrolytes, do have implica-
tions in the optimum design of high energy density batteries. As an example, a system is con-
sidered in which the products of the electrochemical discharge are soluble. To minimize the
ohmic drop, it would be logical to choose an electrolyte concentration to provide maximum con-
ductivity. As the cell discharges, there would be a pronounced increase in the electrolyte concen-
tration since the amount of solution in the battery is minimized to achieve the highest energy
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density. Because of this, the conductivity decreases and the viscosity increases. As a conse-
quence, the cell potential drops for two reasons: increased ohmic resistance, and concentration
polarization caused by the mass transport restrictions. As a trade off in actual battery design,
it is desirable to start with an electrolyte concentration somewhere below that for maximum con-
ductivity to achieve more uniform operating characteristics.
It is felt that if the limitations in nonaqueous electrolytes are identified and understood, then
guidelines can be provided which will allow their influence to be reduced or avoided entirely.
NASA and other agencies are funding programs to provide this insight.
Since theoretical considerations have been taken into account, some typical conductivity data
will be examined. Table ]I 2 compares the conductivity of three popular electrolytes, one aque-
ous and two nonaqueous. If water is the solvent, potassium hydroxide (KOH) gives a maximum
conductivity of 55x10 -2 ohm -1 centimeter-l; LiC10 4 with methyl formate gives 2.6x10 -2 ohm -1
centimeter -1 while with propylene carbonate, this is reduced to 0.5x10 -2. Note that the conduc-
tivity of the aqueous KOH electrolyte is over one order of magnitude greater than the MF system
and two orders of magnitude greater than the PC system. Obviously, it would be desirable to use
the aqueous KOH electrolyte, but a lithium anode reacts violently with it. It also reacts slowly
with MF. Of the systems shown, only the PC electrolyte is stable. Table II-3 demonstrates the
ohmic losses due to electrolyte resistance for the materials shown in table II-2 for an electrode
spacing of 1 millimeter. For KOH in H20 , the voltage loss at a current density of 10 milliam-
peres per square centimeter is about 0. 002 volt. For LiC10 4 in MF, the loss is 0. 0385 volt, and
for LiC10 4 in PC, it is 0.2 volt. If the last system should operate at 100 milliamperes per
square centimeter, it would suffer an ohmic loss of 2 volts, which would be an unacceptably high
loss in performance.
From the previous discussion it is obvious that conductance alone is not a satisfactory basis
for choosing an electrolyte. Sometimes trace amounts of materials apparently affect electrolyte
properties. Figure II-25 demonstrates what may happen when a substance dissolves in a nonaque-
ous solvent. At the top of the figure is shown a cation, or positively charged ion, being solvated
by a pure nonaqueous solvent. If a trace of water is present, it is seen that the cation may be
preferentially solvated by the water. Both species, as well as intermediate forms, probably
exist in the solution. In any case, the solvation energies will be different and will thus shift the
position of any equilibria involved. Figure II-26 shows the effect of a trace amount of an unknown
impurity upon a lithium anode performance. A technique called preelectrolysis, which involves
passing a small current through the cell, was used to remove certain impurities from the elec-
trolyte. Before preelectrolysis, the efficiencies are quite low. After overnight preelectrolysis,
which apparently removed the unknown material, the efficiencies are dramatically improved.
Note that before preelectrolysis, zero efficiency was obtained up to about 12 milliamperes per
square centimeter. Apparently reduction of the impurity consumed the current instead of the de-
sired process, reduction of IA + to Li ° metal. Trace amounts of materials may be in the material
as received or they may be accidentally added. Two cases of the latter may be cited from experi-
ence. In one case, traces of water were introduced by using presumably pure argon as an inert
atmosphere. In a second case, foreign ions were introduced from a desiccant used to remove
water. It is only fair, however, to note that trace amounts of certain materials may be necessary
for satisfactory cell operation. It is felt that the solution to this problem is to carefully charac-
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terize thematerials - that is, to really identifythemsothat onecanperform valid experiments.
Thegeneralapproachis to characterizethe materialbeforeandafter purification. All this leads
to the rather disquietingconclusionthatthere is a greatdealof uncertaintywith respectto the
nonaqueousdatapresentlyavailable. It is expectedthattheapproachjust describedwill better
controlthe materialsusedandthat thedatageneratedcanbe reproducedandvalidly compared
withother similarly obtained.
Somepractical test results will nowbediscussedinvolvinganodes,cathodes,andelectro-
lytes. Theelectrolytescreeningprogramproducedsignificantnumbersof nonaqueoussolutions
havingconductivitiesgreater than10-3 ohm-1 centimeter-1. Lithium, calcium, andmagnesium
asanodeswere characterizedin thebestof theseandseveralinterestingsystemscapableof sup-
porting substantialcurrent densitiesevolved. TableII-4 showssomerepresentativelithium anode
systems. Thedimethyl formamidesystemgassedbadly. TheLiC104-PCsystemhasa highpo-
larization at significantcurrent densitiesandis thusshownto bea low rate systemwith afairly
lowconductivity. It is, however,the onethat hasreceivedthe mostattention. Of the stablesys-
tems shown,only LiPF6-NDAhasexhibiteda 100milliampereper squarecentimetercapability.
It, aswell as LiC104-MF, is receiving considerable attention for medium rate applications.
Table II-5 shows the cathodes presently of interest in the high energy density battery pro-
grams being supported by the government. As a result of these studies, there is confidence that
workable primary systems are possible with what is now known. Now consider the Li-CuF 2 sys-
tem using a LiC104-PC electrolyte. Figure II-27 shows a present laboratory cell design. It con-
sists of a CuF 2 cathode between two lithium anodes. A separator on either side of the cathode
prevents contact with the anodes. The cell is sealed in a plastic envelope and the electrolyte is
inserted with a hypodermic syringe. It is then discharged through a constant resistance. Figure
II-28 shows a typical discharge curve, cell potential being plotted against discharge time. This
cell for an average current density of 0.5 milliampere per square centimeter produces a very
constant voltage throughout the major portion of its discharge. The 3-volt potential is very de-
sirable since reasonable battery output potentials can be obtained with a minimum number of cells
in series. Figure II-29 compares Li-CuF 2 performance using a low rate PC electrolyte at 95 ° F
with a medium rate MF electrolyte at 5 ° and 95 ° F. Energy densities in watt-hours per pound
for the plastic envelope cell are plotted against discharge time. Note that values as high as
210 watt-hours per pound at 0.5 milliampere per square centimeter have been obtained at 95 ° F
using PC as the solvent. If MF is the solvent, values as high as 170 watt-hours per pound at
5 to 10 milliamperes per square centimeter have been obtained at 5° F. At 95 ° F, however, the
MF system is reduced to 60 to 90 watt-hours per pound, possibly due to increased reaction be-
tween the cell components. The solid line compares a conventional AgO-Zn cell's discharge
characteristics. The most serious problem with these systems is the lack of shelf life. The cell
using PC loses capacity by dissolution of CuF 2 into the electrolyte, diffusing away from the elec-
trode and reacting with the lithium anode. Either a separator to prevent diffusion to the anode or
an environment that prevents or drastically limits the solubility of CuF 2 is needed. Figure II-30
indicates that coulombic efficiency is reduced from 75 to 60 percent in 6 weeks when stored at
5 ° F. When stored at 95 ° F for 2 weeks, there is a change from 75 to about 20 percent. The
Li-CuF 2 cell using a MF electrolyte suffers a more rapid degradation since lithium reacts readily
with it. This system would require a reserve construction if built according to present technology.
,
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Oneratheruniquereserve constructionis thedry tapebattery shownin figure II-31. The
anode,cathode,andanencapsulatedelectrolyteare containedin a plastic film or tape. Onde-
mandfor power,thetapeis passedbetweenrollers, whichcrushtheelectrolyte capsulesand
thusallow theelectrochemicalreactionto proceed. Electric poweris removedby current col-
lectors oneithersideof thetape.
Themicroencapsulatedtape, shownat theright in figure II-32 containstheanode,a sepa-
rator, andthecathodewith themicroencapsulatedelectrolyte. Capsule diameters range from
500 to 1700 microns. Three practical problems hamper microencapsulation: first, electrolyte
loading of only 42 to 70 percent by weight has been achieved; second, electrolyte utilization of
only 50 percent further complicates the problem; and third, an electrolyte evaporation rate of
0.4 to 2 percent per day results in rather limited shelf life.
The macroencapsulated tape on the left reduces or eliminates these difficulties. In this de-
sign, larger packets of electrolyte are contained in the center of the tape which, when crushed,
permeate the area between the electrodes. This design has proven more satisfactory.
Figure II-33 compares present dry tape performance with that of a conventional silver-zinc
battery. The dry tape battery operates between 90 and 120 watt-hours per pound, almost inde-
pendent of discharge rate. Note that the apparent efficiency drop off at high drain rates is at
least partially due to applying the entire system's weight over a short discharge period. It is es-
timated that energy densities possible with present dry tape systems will approach 150 watt-
hours per pound.
There is great interest in the development of secondary high energy density batteries since
they have many potential applications. Several programs have been funded by NASA and other
agencies in the past several years; the results have not been too encouraging from the practical
standpoint, since a maximum of 15 to 30 cycles is the best reported performance. A Li-AgC1
battery has demonstrated several hundred cycles, but this is not really a high energy density
system being only about 10 percent better than silver-zinc.
The very slow rate of progress in the development of secondary batteries is due in large
measure to the primitive understanding of the chemistry in these systems. Clearly it is impos-
sible to make reasonable gains with such systems until some progress is made toward the iden-
tification of the species, the characterization of their equilibria, and some understanding of their
transport properties. A wide variety of physical chemical measurements are needed to obtain
this information. The process actually going on at the electrodes must be characterized, of
course; but electrochemical studies by themselves will not give an adequate description for fur-
ther progress. Several new programs are now underway where the emphasis is being placed on
providing this insight. This effort should give sound direction to further development work in
this important area.
FUEL CELLS
The high energy density reactants that have been discussed so far offer theoretical energy
densities in the 500 to 800 watt-hours per pound range. There is a common reactant combination
which theoretically can produce outputs over 1600 watt-hours per pound, and that combination is
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hydrogenandoxygen. However,sincethesematerialsare low densityfluids, it becomesneces-
sary to usea different typeof conversiondevice,namely,the fuel cell.
FigureII-34 illustrates that a fuel cell is essentiallya continuousoperatingbattery, with the
invarianceof thefuel cell themaindistinguishingfeature. In a battery, all reactantmaterials
andthe ensuingproductsof reactionare containedwithin the case,andthusthecompositioncon-
tinually changes. In a fuel cell, ontheother hand,fuel andoxidantare fedcontinuouslyto the
cell andthereactionproductscontinuouslyremovedalongwith anyheatproducedby thereaction.
Sincethe electrodesare unchanged,properbalanceof theflow processleadsto a constantin-
variant conditionwithin thecell. As a result, theoperatingtime is limited onlybythe supplyof
reactants. For longoperatingperiods, theenergydensitycanapproachthetheoreticalvaluefor
thereactantssincetheweightof supportinghardwareis constant.
Thesuccessesof fuel cells onfive Geminiflights, coupledwith the early qualificationof the
fuel cell for theApollospacecraft,havegreatlyincreasedconfidencein their use. Operating
timesare beingincreasedfrom the2-weeklifetime of GeminiandApolloto 21to 30daysfor the
biological satellitesand30daysor longerfor theAir Force's mannedorbiting laboratory. The
availability of provenflight hardwareandincreasinglyattractive life dataare causingdiscussion
of fuel cells for severalthousandhoursof operationandpowerlevels of a fewtensof kilowatts.
Theneedfor fuel cells for missionseither currently definedor likely to appearin the nextsev-
eral yearscanbemet bythe severalsystemsalreadyqualifiedor nearingflight hardwarestatus;
therefore, thefuel cell workhere emphasizesimprovementsin thebasic hydrogenoxygenfuel
cell rather thanconstructionof systemscompetitivewith thosealreadyin existence. Efficien-
cies of the hydrogen-oxygencells are highsothat nolarge improvementsin energydensityare
possible. As a result, thework doneherehasemphasizedstableoperationfor longperiodsof
time at thehighestpossibleefficiency.
Oneof the critical areasdemandingattentionis thedevelopmentof electrodematerials capa-
ble of highpoweroutputandlonglife. Theinitial effort wasdirectedtowardimprovingthe en-
ergy conversioncapabilityandextendingtheoperatingenvironmentof the lightweight-deposited
catalystnickel screenelectrode.
Newcatalystmaterials, includingplatinumblacksandplatinum-rhodiummixtureswerepre-
paredandevaluated. A variety of nickel supportscreenswastestedsinglyandin sandwichcon-
figurations. Levelsof Teflonwaterproofingbetween8and50percentwereinvestigated.
This researchactivity resulted in anelectrode,manufacturedby theAmericanCyanamid
Company and designated the AB-40, which uses a 40 milligram per square centimeter deposited
platinum black catalyst supported on a 40-mesh nickel screen with 25 percent Teflon waterproof-
ing. The nickel screen is gold plated to deter oxidation of the nickel when the electrode was used
as a cathode in a hydrogen-oxygen fuel cell.
In the evaluation of these electrodes, single test cells were constructed using the AB-40 ma-
terial for both anode and cathode. A matrix-separator, containing the electrolyte, was sand-
wiched between them.
Figure II-35 shows the performance obtained in single cell testing using the AB-40 electrode
with a Johns Manville Quintera asbestos matrix containing a 50-percent KOH electrolyte concen-
tration. The lower curve was run at a temperature of 160 ° F and atmospheric reactant pressure.
The center curve demonstrates that increasing the operating temperature to 212 ° F results in a
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10-percentimprovementin cell output. An additional 10 percent is realized by increasing the
reactant pressure to 45 pounds gage. The decrease in the rate of potential dropoff in the two
top curves results from a decrease in the electrolyte concentration polarization due to increased
ion mobility at higher temperature and a lower gas side polarization at higher reactant pressures.
The Quintera matrices of these cells have also demonstrated reliable life at current drains
up to 300 amperes per square foot, as shown by figure II-36 in which cell potential against opera-
ting life in hours is plotted for several current densities.
The cell represented in the top curve was initially at a load of 100 amperes per square foot
for 1450 hours after which the load was increased to 200 amperes per square foot. This cell is
still operating after more than 4000 hours at a potential of 0.83 volt. For reference, it should be
noted that 4000 hours is almost 6 months.
The cell operating at 200 amperes per square foot has run more than 1800 hours with a poten-
tial loss of only 2 percent, or 18 millivolts. Though the potential of the cell operating at 300 am-
peres per square foot is dropping off more rapidly, it has only decreased 5 percent, or 40 milli-
volts, in 1700 hours. This cell does, however, demonstrate that control problems increase at
higher current levels.
In one of the earlier slides, the improved performance at higher temperatures was noted. It
was found, however, that at temperatures above 212 ° F with electrolyte concentrations of 50 per-
cent KOH, the asbestos matrix materials tended to dissolve, leading to cell failure.
In a search for higher temperature materials, the American Cyanamid Company has devel-
oped a ceria-Teflon material which resists electrolyte attack up to 300 ° F.
The performance of single cells using the ceria-Teflon matrix is shown in figure II-37. Here
again, the improvement at higher temperatures and reactant pressure is evident. The dashed
line is a comparison curve for a Quintera matrix run under the same conditions as the lower
ceria-Teflon test. It is apparent that at temperatures of 212 ° F and below, the Quintera matrix
offers superior performance and would be selected for applications in that range.
Life test with the ceria-Teflon matrix has not been as extensive as with the Quintera matrix
since this is a development matrix and has only recently been characterized. Figure II-38 shows
that 1000 hours of life has been demonstrated at temperatures of 260 ° F and 60-percent KOH con-
centration at current loads of 100 and 200 amperes per square foot. Two recently started tests
at 100 and 200 amperes per square foot with reactant pressures of 45 psig are progressing quite
satisfactorily after 500 hours. The increase in cell potential with increased reactant pressure at
200 amperes per square foot approaches 70 millivolts for a resultant 14-percent power gain.
Results to date with the American Cyanamid electrode have demonstrated that moderate and
high current levels can be attained at reasonable cell potentials. Sufficient life test experience
at moderate current density indicates that the electrode and matrix materials will hold up for
2000 to 4000 hours. The electrode-matrix development effort at Cyanamid is continuing and
preparations are being made to evaluate these materials in a fuel cell module and in a complete
system here at Lewis.
One unusual application for the hydrogen-oxygen fuel cell is as a secondary battery. Such a
battery consists of a number of fuel cells, connected in series, which operate in the normal fashion
during discharge and as electrolysis cells during charge. The gases generated on charging are
stored in tanks which are an integral part of the battery. Figure II-39 shows a typical test vehicle.
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Thereis a six-cell fuel cell stackin the centerwith thehydrogenstoragetankontheleft andthe
oxygentankonthe right. A pressure-balancingbellows,notshownhere, preventsanyappre-
ciablepressuredifferential from beingestablishedacrossthe cell.
This deviceoffers a numberof operationaladvantages.Cell reversal is impossible, and
high overcharge rates can be sustained, limited only by the unit's ability to dissipate heat. This
device has also operated satisfactorily after thermal sterilization. The most significant advan-
tage, however, is that this is the only secondary battery in existence which gives a positive,
accurate, state-of-charge indication. Figure II-40 shows a typical charge-discharge cycle. Note
that the tank pressure increases linearly with charge and decreases linearly during discharge as
a function of the current passed. By monitoring tank pressure, the exact state-of-charge can be
determined.
Figure II-41 shows a 500-watt, 600 watt-hour battery that has been tested. The 34-cell stack
is to the right of the center flange, and the pressure-balancing bellows to the left. The body of
unit is 8_ inches in diameter and 37 inches long. It weighs 39 pounds as shown, but it is esti-the
mated that as a flight unit it would weigh 30 pounds and thus could deliver 10 watt-hours per
pound in low-altitude orbit and 20 watt-hours per pound in a 24-hour orbit. The overall efficiency
is 58 percent, which compares favorably with conventional secondary batteries. Power outputs
over 1300 watts have been delivered for short times.
Like all experimental devices, this one has problems. For one, its volume is approximately
three times that of an equivalent battery. Self-discharge occurs due to the high tank pressures,
and charged-stand times beyond a few weeks appear impractical.
The most serious problem is life. The best results to date have been 300 cycle (500 hr) on
multicell units and 725 cycles (6 weeks) on single cells. The present effort is concentrated on
solving these life problems in order to enhance the usefulness of this battery.
The discussion on hydrogen-oxygen fuel cells thus far has studiously avoided mentioning a
rather weighty problem - how the hydrogen and oxygen are to be stored. The problems of storing
hydrogen and oxygen lead one to consider those materials which are easily stored on a space-
craft - that is, storable rocket propellants. An additional incentive for their use is the fact that
they might just be along for the ride anyway and what is left over in the fuel cells can be used.
The first stage in the development of fuel cells using storable rocket propellants was to de-
termine which, if any, were feasible electrochemically. Of the fuels only N2H4, which was elec-
troactive in acidic and basic electrolyte, showed feasibility. The UDMH was unreactive. Aero-
zine 50 is a 1:1 mixture of N2H 4 and UDMH. As to be expected, only the N2H 4 portion of it was
active. Of the oxidizers, only N204 and HNO 3 showed feasibility. The H202 spontaneously de-
composed at a too rapid rate. The potentials generally observed for hydrazine and hydrogen are
similar. This is not unexpected since it is well known that hydrazine with its positive free energy
of formation decomposes readily upon a suitable catalytic surface. Furthermore, the same gen-
eral loss of potential occurs in acid electrolyte with both hydrazine and hydrogen. It is quite prob-
able, therefore, that hydrazine functions as hydrogen when anodically oxidized. The choice of
catalysts is quite critical since one that is too active causes excessive spontaneous decomposition
and one that is not active enough reduces the electrochemical utilization. Since a very active
catalyst decomposes N2H 4 to hydrogen, the oxidizer can also be decomposed to oxygen and then
used in any hydrogen-oxygen fuel cell. Thus, the present program has emphasized decomposing
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N2H4 andAerozine50to obtainhydrogen,andN204to obtainoxygen. TheAerozine50 reactor is
shownschematicallyin figure II-42.
Aerozine50andwater contactfirst a zinc catalyst, thena nickeloxidecatalyst, andfinally
an iron oxidecatalyst. Thestreamthenpassesthroughapalladiumdiffuser to produceultrapure
hydrogen. Thereactoroutputcompositionis shownat thebottomof figure II-42.
Figure11-43showshowtheefficiencyvaries with time. Percentof hydrogenobtainedis
plottedagainsthoursof continuousoperation. Initially theprocessis about99percentefficient,
butquicklylevels off to slightly better than95percentfor 1000hoursof continuousoperation.
Figure11-44showsa N204 reactor. It uses2 percentplatinumonA1203. This systemstarts
outat a ratherhighvaluebutafter 80hourshasfallento about80percent. It is apparentlyquite
stableat thisvalueupto 1000hoursof continuousoperation. Theoxygeninefficiencyis caused
by a deactivationof the catalystto a constantlevel of performanceandallowsN204 to beadmitted
to thefuel cell cathode. This is undesirable,especiallyfor analkalineelectrolyte system. Lim-
ited studieswith zeolites indicatethat theycaneffectively removetheN204. Studiesare nowun-
derwayto demonstratetheir usefullife andefficiency.
CONCLUSIONS
A variety of programs has been presented herein. It might be well to consider what the fu-
ture holds for some of the resulting systems.
In assessing the signficance of the different types of battery work described, the natural ten-
dency is to refer to the baseline values of 30 to 90 watt-hours per pound for primary cells, and
perhaps 2 watt-hours per pound for long-life secondary cells, and to conclude that the most im-
portant programs are those which promise to raise these values the greatest amount. One would
then assume that the nonaqueous work is of greatest significance, and in fact, a large part of our
battery technology program is oriented in that direction. However, much research is needed and
complete development of such batteries will take a long time, if it comes about at all. As a re-
sult, it may turn out that incremental improvements in existing batteries, which will be used over
and over again, will be more important in the long run. Certainly the development of a long-
cycle life silver-zinc cell will be a significant increase in the state of the art for secondary bat-
teries.
In fuel cells, it is unlikely that any system will unseat the hydrogen-oxygen system from its
prominent position, although others may be developed to meet special needs. Therefore, any
technology work on this system is a good long-term investment.
Beyond that, one cannot guess which of the programs described herein will be of greatest
value. It can only be said that several of these efforts will find eventual use in flight programs.
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TABLE II-l. - THEORETICAL ENERGY
DENSITIES OF HIGH ENERGY COUPLES
Anode-cathode
Li-CuC12
Li-CuF 2
Mg-ACL
Zn-AgO
Theoretical
potential,
V
3.07
3.55
2.92
1.86
Theoretical
reactant
performance,
(W-hr)/lb
503
749
785
205
TABLE H-2. - MAXIMUM CONDUCTIVITIES OF
SELECTED ELECTROLYTES
Solvent Solute
Water
Methyl formate
Propylene carbonate
KOH
LiC10 4
LiCIO 4
Specific conductance,
ohm-l_cm -1
55.0×10 -2
2.6
.5
TABLE H-3. - VOLTAGE LOSS
DUE TO ELECTROLYTE
RESISTANCE
Electrolyte
KOH-H20
LiC104-MF
LiC104-PC
Voltage loss
at current
density of
10 mA/cm 2 ,
V
0.0018
.0385
.2000
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TABLE II-4. - LITHIUM ANODE PERFORMANCE
Electrolyte Polarization, V Compatibility
Solvent Solute I0 mA/cm 2 I00 rnA/cm 2
DMF
NDA
PC
(n-C 4H9 )4NP F 6
LiPF 6
LiCIO 4
0.4
.2
.6
1.0 Gases
vigorously
Stable
Stable
TABLE H-5. - CATHODE SYSTEMS
Cathode Electrolyte Application
CuF 2
CuC12
CuF 2
AgO
LiCIO 4-PC
LiAICI4-PC
LiCIO 4-MF
LiPF 6-NDA
aLow r_e
bMe_um r_e
bMe_um r_e
bMedium rate
aCurrent densities to 1 mA/cm 2.
bcurrent densities from 1 to 10 mA/cm 2.
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Figure II-1. - Stability of charged nickel oxide electrodesat 1500F.
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Figure II-2. - Utilization efficiency of nickel oxide electrodesas function of
discharge cu trent.
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Figure II-3. - Nickel oxideelectrode, X-ray diffraction.
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Figure II-4. - Structure of material in nickel oxide electrode.
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Figure 11-5. - Inorganic cell separator. 
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Figure 11-6. - Experimental silver-zinc secondary cell. Charge-discharge 
cycle test at 7' F; depth of discharge based on 16-hour discharge, 17 per- 
cent. 
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FigureII-7.-Experimentalsilver-zinccellafterthermalsterilization
for 108hours at 2930F.
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Figure II-8. - Comparison ofcycle life of silver-
zinc batteries. Depth of discharge, 25 percent.
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Figure 11-9. - Comparison of cycle l i fe  of 
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Figure 11-10. - S i lver -z inc  ce l l  assembly. 
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Figure II-11. - Comparison of energy density with cycle life.
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Figure II-12. - Lossof capacityof silver-zinc battery as
function of temperature (after 2-wkwet stand at test
temperature, fresh batteryat 80° F equals 100percent).
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Figure II-13. - Stateof the art of high-temperature
battery. Typicalperformance service life, 5 min-
utes; operating temperature, 800o F.
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Figure If-14.-NASA experimental high-temperature cell.
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Figure II-16. - Effect of cell configuration on self-discharge rate.
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Figure II-17. - Stateof the art of low-temperature
battery. Typical performance: service life, 36
hours; operating range, -650 to 1600F.
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Figu re II-19. - Performance of Mg-NH3 - KSCN-S
cell at -1300 F.
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FigureII-20.- Dissolvingan ionicsolid.
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Figure II-21. - Ion pair equilibrium.
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- Ion pair formation as function of dielectric
C+ + A- _[C+A-]O(after Fuoss and Kraus).
40
L_
CONDUCTANCE,
OHM-! CM-1
.O3
.02
.01
I
0 1 2 3 4
MOLALCONCENTRATION CS-40315
Figure II-23. - Conductance of solutionsof salts in dimethyl formamide.
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Figure II-24.- Conductance and viscosity of KPF6 in dimethyl formamide.
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Figure 11-25.- Preferential solvation.
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Figure II-26. - Effect of preelectrolysis on lithium anodic efficiencies.
Prelectrolyzed and nonpreelectrolyzed electrolyte composed of propylene
carbonate, O.4M AICI3, and O.35/VtLiCI.
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Figure II-27. - High energy density laboratorytest ceil.
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Figure II-28. - Dischargecharacteristics of Li-CuF2 cell.
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Figure II-29. - Cell performance of Li-CuF 2.
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Figure 11-31. - Dry tape battery concept. 
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Figure 11-32. - Dry tape concepts. 
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Figure 11-33. - Aqueous dry tape performance. 
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1-34. - Comparison of battery and fuel cell. 
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FigureII-35.-SinglecellperformanceforcyanamidAB-40 electrodewith
Quinteramatrixand 50percentKOH.
CELL
POTENTIAL,
V
1.0 m
L
.8 B
A/FT2
100
200 ! 2OO
3OO
6 I I I I ]
0 500 1000 1500 2000 2500
LIFE,HR CS-40281
FigureII-36.-LifetestforcyanamidAB-40electrodeswithQuinteramatrix.
Operatingconditions:2120F,50percentKOH, 0 psig.
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Figure 11-39. - Six-cell regenerative hydrogen-oxygen unit. 
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Figure 11-40. - Performance of regenerative hydrogen-oxygen 
fuel cell. 
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Figure 11-41. - 500-Watt regenerative hydrogen-oxygen battery. 
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III. CONVENTIONAL AND THIN-FILM SOLAR CELLS
Andrew E. Potter, Jr.
INTRODUCTION
At present, there appear to be four major trends in research and development on solar
cells for space power:
(1) Improved cell fabrication methods
(2) Radiation damage resistance
(3) Film cells
(4) High-power arrays
Much work has been done and is being done on improved methods of silicon cell fabrication. The
principal objective of this work is to lower the cost of cells; this kind of work includes the use
of dendritic silicon to fabricate solar cells, the use of ion bombardment to produce the junctions
in the solar cells, etc. Solar-cell power systems that must operate in the Van Allen belt are
subject to damage by electron and proton radiation. Consequently, research on improving the
resistance of solar cells to radiation damage is an important area. Thin-film solar cells such
as those made from cadmium sulfide or cadmium telluride show promise of low-cost, lightweight
solar cells that might be suitable for large solar power arrays. High-power arrays that use
silicon cells are being seriously considered in powers up to 50 kilowatts. No attempt is made
herein to cover all the work that is being done in these four areas. Instead, only the work of
special interest to the Lewis Research Center is discussed, namely, radiation damage to solar
cells, film cells, and high-power arrays.
RADIATION-DAMAGE-RESISTANT SILICON CELLS
The improvement of the resistance of silicon cells to radiation damage has been a major
theme of the silicon cell research at Lewis. An effort is being made to improve the radiation-
damage resistance by improving the blue response of the cells (refs. 1 and 2). The blue
response is the current produced by the cell in response to the blue part of the solar spectrum.
Figure In-1 shows why it is desirable to improve the blue response of the solar cell in order to
improve its resistance to radiation damage. This figure shows the effect of radiation damage on
the solar spectral response of a silicon cell. The current density yielded for a 0.1-micron
interval of the solar spectrum is plotted against the wavelength of the solar spectrum. The
effect of radiation damage is to reduce the current produced in the cell by the red wavelengths of
light, 0.7 to 0.9 micron. The response of the cell to the blue part of the solar spectrum, 0.4
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to 0.6 micron, is not changed. If the response of the cell to the blue part of the solar spectrum
can be increased, the radiation-damage resistance of the cell will also be increased.
The reason that the blue response of the cell is only slightly affected by radiation damage can
be explained by recalling some of the elementary features of a silicon solar cell. Figure HI-2
shows a cross-sectional diagram of a typical n-on-p silicon solar cell. It consists of a thin layer
of n-type silicon in contact with a thick layer of p-type silicon. The junction between the n- and
p-type is located quite close to the surface. In most solar cells, it is about 0.5 micron deep.
Each photon of sunlight produces a useful current carrier in the silicon. These current carriers
diffuse through the silicon to the junction. When they cross the junction, they become excess
current carriers, and thus produce a voltage. Figure IH-3 shows that the depth at which light is
absorbed in the silicon varies with the wavelength of the light. The absorption coefficient of red
light in silicon is low, so that the percent of light absorbed changes slowly with the depth in
silicon. A depth of 8 to 10 mils is required to absorb all the red light. Red light is absorbed
deep in the body of the cell, far from the junction. Blue light has a high absorption coefficient
and is absorbed almost completely at the surface of the cell, close to the junction.
The primary effect of radiation damage on the solar cell is to reduce the diffusion length of
carriers in the crystal. The diffusion length is the distance that current carriers produced by
light can diffuse before they are lost. The current carriers produced by red light must diffuse
a long distance to the junction, so that the yield of these carriers is affected considerably by
radiation damage. The current carriers produced close to the junction by blue light must
travel only a short distance to reach the junction and, consequently, are affected little by radi-
ation damage.
It is interesting to see what gains are theoretically possible in improving the blue response.
In figure III-4 the actual response of a commercial silicon solar cell is compared with the theo-
retical response, which is calculated by assuming a 50-percent quantum efficiency. The actual
response is seen to be close to the theoretical maximum response in the red part of the spectrum
but falls far short of the maximum possible response in the blue part of the spectrum. Evidently,
there is the possibility of a real gain in the response to the blue part of the spectrum; conse-
quently, there can be a real gain in the radiation-damage resistance.
What can be done to improve the blue response of the cell? One thing is to bring the junction
closer to the surface of the cell. Since the blue light is absorbed close to the surface, the closer
the junction is to the surface, the more current that can be collected from blue light. There is
considerable difficulty in moving the junction very close to the surface of the cell. When
ordinary boron-doped crystals of silicon are used to make shallow-junction cells, the efficiencies
of the cells are below acceptable values for space power systems. Figure III-5 shows that, when
aluminum-doped oxygen-free silicon is used to make the cells, it is possible to make good
junctions even though they are very shallow. The current output of the cell is the same whether
boron-doped or aluminum-doped material is used. However, the aluminum-doped material
yields a much superior junction characteristic and as a result, gives a higher open-circuit
voltage, and an efficiency of 11.5 percent in space sunlight. The reason that aluminum-doped
silicon is superior in this application is probably that aluminum introduces less strain into
the silicon crystal lattice than boron does. Oxygen acts as an electrical damage center within
the junction, and its removal is therefore beneficial. As a result, the crystal of oxygen-free
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aluminum-dopedsilicon containsfewerdefectsandimperfectionsthana boron-dopedsilicon
crystal. This meansthat a better quality junction can be made in the aluminum-doped material.
In addition to requiring the use of oxygen-free aluminum-doped material, shallow junction
cells have other special construction requirements. One of these is the alloy contact to the
cell. The conventional titanium-silver contact, which is used commercially to make contact to
the cells, contains a material that diffuses into the shallow junction and poisons it. As a
result, it was necessary to develop a new contact alloy in which cerium was used in place of
titanium. Cerium does not contain harmful impurities, so that a silver-cerium alloy can be
used to make contact with the shallow junction cells with considerable success. In fact, the
silver-cerium contact has proved to be superior to the silver-titanium contact in terms of
strength.
Solar cells require cover glasses in space power supplies for two reasons. One reason is
to protect the cell against radiation damage, and another reason is to increase the infrared
emissivity of the cell in order to lower its operating temperature in space. The cement used
to attach the cover glass was undesirable for use in space because it degrades when illuminated
in space sunlight, and then absorbs blue light. It was necessary, therefore, to devise a means
of attaching the cover glass to the shallow junction cell without the use of cement, as shown in
figure HI-6. The cover glass has been provided with an evaporated silver-cerium pattern that
exactly matches the top contact pattern on the cell. The cover glass and the cell are then
clamped together, placed in a furnace, and heated. The solder on top of the contact pattern on
the cell wets the silver pattern on the cover glass and bonds it firmly in place. After furnace
brazing, the cover glass is firmly bonded to the cell without the use of light-absorbing cement.
Also shown in figure 111-6 is one other effect of using a very shallow junction and that is
the large number of grid fingers on the top contact. Ten grid figures are used to collect
current from the top of the cell, rather than the five or six which are commonly used. Having
a shallow junction raises the electrical resistance of the surface layer of the cell. To avoid
electrical losses due to this extra resistance, a greater number of grid fingers than usual must
be applied.
The gain in blue response from the shallow junction is shown in figure III-7. Here, the
response of a commercial type cell with the junction depth of about 0.5 micron is compared with
the response of a cell with a junction depth of about 0.25 micron. This cell, of course, is an
aluminum-doped cell with silver-cerium contacts. The improvement in the blue response of
the shallow-junction cell is evident. However, there are still more gains to be made in the
response, as can be seen by observing the theroetical maximum response, also shown in this
figure. There is a way of improving the blue response still further by improving the anti-
reflection coating of the cell. A two-layer antireflection coating is excellent for reducing reflec-
tion in the blue part of the spectrum. This coating consists of a layer of magnesium fluoride on
the usual silicon monoxide antireflection layer. With this coating, reflection losses in the 0.4-
to 0.5-micron region can be reduced. Thus, there is a considerable gain in the blue response of
the cell (fig. III-8). The gain in blue response from the antireflection coating is about equal to
the gain in blue response produced by using a shallow junction.
The result of these efforts in terms of radiation-damage resistance is shown in table III-1.
Here a conventional cell is compared with the best Lewis cell that includes all the improvements
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discussedpreviously. Theefficiencyof the conventionalcell andof theLewis cell is aboutthe
same. Theblueresponsehasbeenimproved,but this improvementhasbeenaccompaniedby
somelossin total activesurfaceareaof thecell, with the result thatthe efficienciesare about
thesame. However,theresistanceto radiationdamageof thehigh-blue-responsecell is about
3times thatof the conventional10ohm-centimetern-on-pcell. This representsa considerable
improvementin radiation-damageresistance. Useof this cell in placeof a conventionalcell will
alloweither a reductionof thearray weightbyuseof thinnercoverglasses,or anextensionof
array lifetime with the samethicknessof coverglass.
THIN-FILM SOLAR CELLS
A thin-film solar cell can be defined as a solar cell made from a thin polycrystalline semi-
conductor film rather than from a single crystal of semiconductor, as is the silicon solar cell.
Figure III-9 shows a cross section of a typical film cell. The cell shown happens to be a cadmium
sulfide film cell, but a basic similarity exists for all film cells. The cell consists of a layer of
polycrystalline semiconductor, cadmium sulfide here, which has been deposited on an electrically
conducting substrate. On top of the polycrystalline semiconductor, there is barrier layer which
is similar to the surface p- or n-layer in a silicon cell. In this case, the barrier layer is copper
sulfide. The p-n junction in this solar cell is formed between the two materials, copper sulfide
and cadmium sulfide. On top of the barrier layer a metal grid is placed to collect the current
from the barrier layer. The cell is usually covered with a layer of transparent plastic that
performs the same function that the quartz cover glass does for the conventional silicon cell.
Table HI-2 shows a summary of the film cell research being done at present. RCA (ref. 3)
has been working on gallium arsenide film cells. In these film cells, the semiconductor layer is
gallium arsenide and the barrier layer is cupric selenide, or platinum. They have achieved
efficiencies of 3 to 4 percent, but only in small areas - 1 centimeter square or so. Harshaw has
been working on cadmium sulfide thin-film cells for many years (ref. 4). Their efficiencies in
production are 3 to 4 percent in areas of 50 square centimeters. The Clevite Company (refs. 5
and 6) has also been working on cadmium sulfide cells. They have achieved production efficien-
cies of 4 to 5 percent in 50-square-centimeter cells. Their cells are not sensitive to moisture,
remaining unchanged for long periods of time in moist atmospheres. Lewis has also been work-
ing on cadmium sulfide cells and has achieved efficiencies of 4 to 5 percent, but in small areas.
The work here is aimed primarily at understanding the mechanism of the cell. The General
Electric Company (ref. 7) has been working on cadmium telluride cells made from films of cad-
mium telluride with a barrier layer of copper telluride. They have achieved efficiencies of 4
to 5 percent, and occasionally somewhat more. These cells are reported to be insensitive to
moisture but do appear to be damaged by exposure to moderate temperatures. The most advanced
of the thin-film solar cells appears to be the cadmium sulfide cell, so the status of this cell is
discussed in considerable detail.
Radiation damage is a serious problem for silicon cells, but this is not the case for cadmium
sulfide cells. Data for radiation damage to cadmium sulfide film cells is shown in figure HI-10
(ref. 8). The relative maximum power for film cells is shown as a function of radiation dose.
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For electronswith energies of 0.6 to 2.5 million electron volts, there is not measurable damage
to the cells up to doses of 1017 electrons per square centimeter. Proton damage can be detected
but it is small and amounts to only 5 to 10 percent with doses of 1014 to 1015 protons per square
centimeter. These are very large doses of electrons and protons. The largest doses shown here
correspond to times in the Van Allen belt of 10 or more years. This means that the cell is ex-
tremely resistant to radiation damage and does not require the heavy cover-glass shielding
required for conventional silicon cells.
The film cells do require a covering or encapsulation to protect their surfaces from abrasion
and moisture, as well as to increase their infrared emissivity. Coverings are discussed in more
detail subsequently, however the most successful coverings have been plastic films. The bom-
bardments previously described were performed by using plastic-encapsulated cells. Kapton
plastic encapsulation was not noticeably affected by the largest radiation doses given. Mylar
plastic encapsulation darkened very slightly and became brittle after the maximum doses quoted
previously. Delamination of the plastic did not occur for either plastic encapsulant.
It is interesting to look at the weight of cadmium sulfide film cells. The layers of cadmium
sulfide, copper sulfide, plastic, etc. can be made very thin, so that the cells can be made very
light. In figure III-11, cell weight is plotted in terms of pounds per square foot of cell against
time in years. Several years ago, cell weights of 0.2 to 0.3 pound per square foot were observed.
At this time, the cells were formed by depositing cadmium sulfide on 2-mil-thick molybdenum
substrates. Most of the molybdenum substrate could be etched away to remove much of the un-
necessary metal and reduce the weight to about 0.1 pound per square foot. More recently, Kapton
plastic has been used as the substrate. This material allows further reduction in cell weight to
the vicinity of 0.06 pound per square foot or about 1 ounce per square foot. It is interesting to
compare these cell weights with the weight of silicon cells. The thinnest state-of-the-art silicon-
solar-cell - cover-glass combination weighs about 0.17 pound per square foot, so that cadmium
sulfide cells are presently about 3 times lighter than the lightest silicon cell.
While cadmium sulfide cells are superior to silicon cells with respect to weight per unit area
and their resistance to radiation damage, silicon has a higher conversion efficiency. Figure KI-12
shows the mean production efficiency that was observed for 3- by 3-inch cadmium sulfide cells
shown as a function of time in years. The early film cells were very inefficient. From time to
time during the past few years, the Clevite Company has achieved mean production line efficien-
cies of 5 percent at air mass one and 25 ° C.
Two hundred cells were delivered to NASA by Clevite in the period from July to September
1966. These cells were half the pilot production of plastic-substrate cells, with every other cell
in the exact order of fabrication delivered to Lewis. Of this lot of cells, the average efficiency
was 4.9 percent, with 68.5 percent of the cells having efficiencies from 4.5 to 5.5 percent, 8.5
percent with efficiencies from 5.5 to 6.0 percent, 20.5 percent from 4.0 to 5.0 percent, 1.5 per-
cent from 3.5 to 4.0 percent, and 1 percent from 6.0 to 6.5 percent. While the highest cell effi-
ciency in this period was less than 6.5 percent, several 50-square-centimeter cells showing effi-
ciencies up to about 8 percent have been reported by Clevite (ref. 6). This fact is indicated in
figure HI-12 by a point at 8 percent. Cells with efficiencies in excess of 6.5 percent have not been
stable, dropping in a few days to efficiency values near 6 percent.
At Lewis, a small 4-square-centimeter cell was made with an efficiency of 7 percent. In
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6 monthsof desiccated storage, the efficiency had dropped to 6 percent. It should be mentioned
that cell efficiencies reported at Lewis are based on airplane-flown standard cadmium sulfide
cells.
At present, an efficiency of 5 percent at air mass one for the 3- by 3-inch size plastic-
substrate cell is the value that is consistently available from a pilot production line. Further
improvements in cell technology may eventually bring average efficiencies into the 6- to 6.5-
percent range, where now only about 1 percent of the plastic-substrate cells fall.
It is interesting to make a point-by-point comparison of the cadmium sulfide cell with the
silicon cell. In table HI-3, the largest and lightest state-of-the-art cells are compared. This
comparison considers only the cells and does not include any other parts of the solar array. It
would be desirable to compare entire arrays of cadmium sulfide and silicon cells, including the
supports and extension mechanisms for the arrays. In the author's opinion, however, insufficient
information is available about the kinds of supports and extension mechanisms needed for an array
of cadmium sulfide cells to make a valid comparison at this time. It appears naive and premature
to assume that these factors should be identical for cadmium sulfide and silicon cells because of
the greater flexibility and mechanical strength of the film cell, which should allow different
methods of array construction.
When the weights per unit area are compared, the cadmium sulfide cell is about three times
lighter than the silicon cell. As a result, in spite of the low efficiency of the cadmium sulfide
cell, the weight per unit power of cadmium sulfide is less than the weight per unit power for sili-
con; 14 pounds per kilowatt for cadmium sulfide against 15 pounds per kilowatt for silicon. This
difference is small enough so that it is really not significant in a discussion of this kind. It simply
indicates that the weight per unit power is comparable for the two cells. The area per unit power
shows clearly the low efficiency of cadmium sulfide relative to silicon; 220 square feet per kilo-
watt are required against 87 square feet per kilowatt for silicon. Another interesting feature of
cadmium sulfide is the number of cells required to generate unit power. Cadmium sulfide
requires 3400 cells to generate 1 kilowatt of power, while silicon requires 20 000 cells to gener-
ate 1 kilowatt of power. Consequently, the labor costs involved in assembling an array of cad-
mium cells will be much less than the cost to assemble an array of silicon cells.
Another advantage of the cadmium sulfide film cells is flexibility. A cadmium sulfide film
cell array can be easily rolled to occupy a very small volume. Another desirable feature of the
cadmium sulfide cell is its probable low cost of production. For examplej the current price of
cadmium sulfide cells is such that the cost of power is about $125 per watt. This price is sub-
stantially the same price as power from silicon cells. However_ this is the price for laboratory
produced cells. In production_ it is possible that the cost might drop to $10 to $50 per watt in
units of 10 to 100 kilowatts production per year. If the production rate were increased to several
million watts per year, the cost could probably be reduced to about $1 per watt (ref. 6). With
these advantages in mind, one may wonder why a number of large cadmium sulfide film cell
arrays have not been constructed. The answer to this is that all the problems have not been
solved that remain before the cadmium sulfide film cell can be used by the spacecraft power
enginee r.
The primary remaining problem of cadmium sulfide is that of stability. The major areas
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where stability is a problem for cadmium sulfide cells are as follows:
(1) Storage degradation
(2) Humidity damage
(3) Thermal cycling failure
(4) Ultraviolet-light damage
In some cases, the cells degrade during storage. This problem seems to be under control
except for high-efficiency cells. The damage to the cell by moisture has been, until recently_ a
severe problem. The cadmium sulfide cell is constructed of many different materials, and the
thermal stresses that appear in the cell as a result of temperature changes as the cell goes in
and out of sunlight can damage it considerably. Ultraviolet light causes damage to the plastic
used to cover the cadmium sulfide.
The two main factors that control the stability of cadmium sulfide cells are the gridding of
the cell and the encapsulant of the cell. The parts of the cell to which these refer are shown in
figure IH-9. The gridding of the cell refers to the metal screen grid electrode used to collect
current from the barrier layer or surface of the cell. The encapsulant refers to the layer
over the grid that serves to protect the surface of the cell from moisture, mechanical damage_
ultraviolet light, and low-energy electrons.
The various techniques used for applying current-collecting grids to cadmium sulfide cells
are shown in figure IH-13. The oldest and simplest method uses a screen grid which is laid on
the surface of the cell and is held in contact with the cell by pressure applied during lamination
of the plastic. More recently, the screen grid has been held in place by a gold-filled epoxy
cement. Grids can also be prepared directly on the surface of the cell by electroplating. In
still another technique, the grid is bonded to the surface of the cell by heat and pressure to
produce a compression-bonded screen grid.
The effect of these various types of grid on the stability of cadmium sulfide cells is shown in
table HI-4. Here are shown the various grid types and how they compare in stability against
thermal cycling, moisture, and storage. The original pressure grid with a molybdenum sub-
strate is poor in thermal cycling. The pressure grid with a plastic substrate seems to be quite
good in its resistance to thermal cycling, but it is poor in its resistance to moisture. When the
grid is cemented in place with a gold-filled epoxy cement, there is good resistance to moisture
but problems with thermal cycling. The electroplated grid is very resistant to damage by thermal
cycling, but it does not provide much resistance against moisture. The compression bonded
grid is resistant to thermal cycling, but not much good in other respects.
The second factor that affects the stability of cells is the method used to encapsulate the
cells. Three principal methods used for encapsulating cells are shown in figure III-14. The
oldest method is the use of plastic and nylon cement. In this case, the grid is covered with a
very thin layer of nylon plastic, which is covered by a thicker layer of another plastic that might
be Mylar or Kapton. The whole assembly is laminated under heat and pressure. The nylon
melts and flows, cementing the plastic cover to the grid and cadmium sulfide. In a variation,
epoxy cement is used in place of nylon plastic. In this case, the heat and pressure of the lamina-
tion process cures the epoxy. The third type of encapsulation requires a grid that is electroplated
or compression bonded. This coating, a transparent inorganic coating, does not provide any
mechanical strength toward holding the grid in place.
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Compoundsuchas silicon monoxide,aluminumoxide, andmagnesiumfluoride havebeen
usedfor thesetransparentinorganiccoatings. Theseencapsulantsare comparedin table 111-5
with respectto their effectsoncell stability. TheMylar-nylonencapsulantis Fooragainst
moisture. It is very poor in its resistanceto ultraviolet damage,becausetheMylar becomes
brittle whenexposedto ultraviolet light (ref. 9). If nylonis replacedbyepoxy, themoisture
stability is good,but theultraviolet stability is still poor. Theultraviolet problemcanbecured
byusingKaptonplastic film (ref. 9). This producesa cell that is goodin all respects,except
that theuseof Kaptonis accompaniedby a 20-percentpenaltyin efficiencydueto light absorption
bythe Kapton. This problemcanbecircumventedsomewhatby usingMylar andcoatingit with
a thin layer of Kapton. In a sense,Kaptonactsas a sunburncreamandreducesthe damageto
theMylar byultraviolet light. After approximately1year of exposureto simulatedspacesun-
light in a vacuumof 10-8 torr, KaptoncoatedMylar cells were still flexible andundarkened.
Still, a 5-percentefficiencyloss is incurredasa result of light absorptionin the Kaptonlayer.
This is a goodcoatingbecauseit is resistantto moisturedamage,stablein storage,andappears
to resist ultravioletdamage. Theinorganiccoatingshavebeendisappointing,primarily because
theydonotresist moistureprobablybecauseof small cracks in the film.
In summary, it appearsthatthe problemof stability of thesecells in usehasnotbeen
solved. However,a solutionseemsimminentandin theauthor's opinion, a yearor twomore of
work shouldyield stablespace-worthycells with efficienciesof 5 percentat air massone. It is
conceivablethat the cadmiumsulfidefilm cell mightbeusefulfor buildinglarge high-power
arrays becauseof its expectedlow cost in production, its flexibility, andits lightweight.
HIGH-POWER ARRAYS
Presently, there are serious efforts to design, and eventually to construct solar power
arrays that yield power up to 50 kilowatts (ref. 10). These high-power arrays use silicon cells.
Silicon cells, of course, have the advantage that they are efficient, stable, and proven in the space
environment. High-power solar arrays have definite disadvantages. First, there is their cost.
They will be very expensive. The cost of a 50-kilowatt array is estimated to be $20 million.
Second, the arrays cannot be built for much more than 0.1 gravity, so that any propulsive maneu-
vers of a spacecraft equipped with a high-power array must be very slight. The principal advan-
tages of high-power solar arrays are the facts that no major development problems must be
solved for construction of such arrays, and the lifetime and reliability of solar arrays have been
proved to be very good. A summary of some of the high-power solar arrays that are currently
under active study is shown in table 111-6. The largest of these is a 50-kilowatt array that has an
area of 4500 square feet and uses very thin silicon cells as well as a number of lightweight con-
struction features. The final array is expected to yield a specific weight of 50 pounds per
kilowatt. This array is a folding semirigid structure in which the cells are mounted on rigid
panels. A 1/4 segment of this array is under construction. Another large array is being studied
by RCA. This array will yield approximately 20 kilowatts of power, and again it is a folding
semirigid construction. Some smaller experimental arrays are also listed in the table because
6O
theyusea flexible rollup style of construction,rather thana foldingsemirigid style. Theflexible
rollup arrays canbeeasilyexpandedto larger powers,or adaptedfor thin-film solar cells.
CONCLUDING REMARKS
Solar cells have provided electric power on almost every satellite launched since the begin-
ning of the space program. It appears that this state of affairs will continue for several years
especially with the development of high-power arrays and high-radiation-damage-resistance cells.
It is possible that, in the future, the use of film solar cells can reduce the cost of large high-
power arrays to a relatively low price, accompanied by the disadvantage of increased array area.
Insufficient information is now available to determine whether or not large film cell arrays can
be made lighter than large silicon arrays.
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TABLE HI-1. o RADIATION-DAMAGE RESISTANCE
Cell Efficiency, Relative radiation-
percent damage resistance
10 to 12 1Best conventional
10 ohm-cm
Best Lewis 10 to 12
TABLE m-2. - FILM CELL RESEARCH
Organization
RCA
Harshaw
Clevite
NASA Lewis
GE
Material
Gallium
arsenide
Cadmium
sulfide
Cadmium
sulfide
Cadmium
sulfide
Cadmium
telluride
Approximate
efficiency,
percent
3 to4
3 to4
4to5
4to5
4to5
Remarks
Small area
Moisture sensitive
Moisture stable
Small area
Heat sensitive
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TABLEHI-3. - COMPARISON OF CADMIUM
SULFIDE CELL WITH SILICON CELL
[Temperature, 50 ° C; space sunlight at 1 AU]
Cell
Cadmium
sulfide a
Silicon b
Weight per
unit area,
lb/ft 2
O. 065
0. 168
Weight per
unit power,
Ib/kW
14
15
Area per
unit power,
ft2/kW
220
87
Cells per
unit power,
cells/kW
3 400
20 000
aplastic substrate, plastic covered; 50-cm 2 cell; 5 percent effi-
ciency at air mass one and 25 ° C.
bs-mil-thick 4-cm 2 cell with 4-mil cover glass; 10.5 efficiency
at air mass zero and 25 ° C.
TABLE HI-4. - EFFECT OF GRID TYPE STABILITY
ON CADMIUM SULFIDE CELLS
Grid
Pressure (molybdenum
substrate)
Pressure (plastic
substrate)
Cemented (plastic
substrate)
Electroplated (molyb-
denum substrate)
Compression bonded
(molybdenum sub-
strate)
Stability against-
Thermal cycling
Poor
Good
Poor
Good
Good
Moisture
Poor
Poor
Good
Poor
Poor
Storage
Fair
Fair
Good
Good
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TABLEIH-5. - EFFECTOF ENCAPSULANT ON
STABILITY OF CADMIUM SULFIDE CELLS
Encapsulant
Mylar -nylon
Mylar-epoxy
!Kapton-epoxy a
Kapton-coated
Mylar -epoxy b
Inorganic
(SiO, A1203, MgF2)
Stabilityagainst-
Moisture
Poor
GOOd
GOOd
GOOd
Poor
Storage
Fair
Good
Good
Good
Fair (?)
Ultraviolet
light
Poor
Poor
Good
GOOd
Good
aEfficiency loss due to light absorption by Kapton,
20 percent.
bEfficiency loss due to light absorption by Kapton_
5 percent.
TABLE HI-6. - DEPLOYABLE HIGH-POWER SOLAR ARRAYS
CURRENTLY UNDER ACTIVE STUDY
Nominal
power,
kW
50
20
0.5
0.2
Nomi -
nal
area,
It 2
5000
2000
50
2O
Silicon cell type Company Construction style
0. 008-in. thick Boeing Folding_ semirigid
Conventional RCA Folding_ semirigid
Dendritic
Conventional
Hughes
Ryan
Fairchild-
Hiller
Conventional
Rollup, flexible
Rollup_ flexible
Rollup, flexible
65
CURRENTDENSITY
PER0.1-p INTERVAL
OFSOLARSPECTRUM,
mAICM2
D
6-
4-
2-
0
FBEFOREBOMBARDMENT
#
I
._.._1 i I
I I "---
I AFTERBOMBARDMENT-'l
II I I I I I I
.4 .5 .6 .7 .8 .9 1.0 1.1
WAVEIFNGTH,p CS-40360
Figure III-1. -Effect of radiationdamageon solar spectral response. Radiation
dose, 10161-million-electron-volt electronsper squarecentimeter; shallow
junction; silicon oxidecoatedsilicon cells.
SUNLIGHT
n-TYPE SILICON_,,
\
JU
p-I_PE
Figure [IX-2. - Cross sectionof silicon solar cell.
86
iOF
LIGHT
ABSORBED
,,-REDLIGHT
50 -I/DEPTHrJUNCTION_
0 2 4 6 8 10
SILICONDEPTH,MILS CS-40356
Figure III-3.- Dependencyof absorptiondepthon wavelengthin silicon.
10
8
CURRENTDENSITY 6
PER0.1-B INTERVAL
OF SOLARSPECTRUM,
mAICM2 4
Figure 111-4.
r--I
--I
I
.3 .4 .5
rTHEORETICALMAXIMUM
/
I
I
/
r_-L__ 1
r---J
"- COMMSiO-COATED-- |
10_-CM CELL I
I I I I i i 1
.6 .7 .8 .9 1.0 1.1
WAVELENGTH,p CS-40359
- Comparison of actual responsewith theoretical solar spectral re-
sponsefor silicon cells.
67
CURRENT,
mA
0 -
60-
40-
20-
I
0 .1
,- LOPEXN-DOPED;
I' SHALLOWJUNCTION;
--_ / EFFICIENCY,
I.5 PERCENT
PULLEDCRYSTAl_; \ _i
BORON DOPED; \
SHALLOWJUNCTION; .,_/ /
I I I I I I
.2 .3 .4 .5 .6
VOLTAGE,V CS-4035/
Figure III-5. - Effect of dopanton efficiencyof shallow-junctioncells. Current-
voltagecurves under simulatedspacesunlight. Cell area, 2 squarecentimeters.
COVER GLASS'_ SiCELL_
TING
I I
"Ag-Ce PATl_RN _TOP CONTACTPATTERN
Ag-Ce SOLDERDIPPED
COVER GLASS-l
_-SiCELL
EXPOSEDTOPCONTACT-" CS-40394
FigureTIT-6.- Lewiscover-glassattachment.
68
CURRENTDENSITY
PER0.1-p INTERVAL
OFSOLARSPECTRUM,
mAICM2
I THEORETICAL
10{-'- MAXIMUM"_
| \ r- SHALLOWJUNCTION
8I- ,..___ -- "L__ _, ,,' _o.lp)
/ ; "-", "L _
6,- I
.3 .4 .5 .6 .7 .8 .9 1.0 1.1
WAVELENGTH,p CS-40362
Figure 1II-7. - Effectof junction depthon solarspectralresponsefor silicon
oxidecoatedceils.
THEORETICAL
MAXIMUM -_
I
10
8
6
4
2
r_J---L___,
I
I
/-MgF2-SiO COATING
CURRENTDENSITY
- I
PER0.1-p INTERVAL .'--J I
OFSOLARSPECTRUM, I
mAICM2 \ I
"-SiO COATING
0
.3 .4 .5 .6 .7 .8 .9 1.0 1.1
WAVELENGTH,p CS-40361
Figure III-8. - Effect of antireflection coating onsolar spectral responsefor shallow-
junction cells.
69
TRANSPARENTPLASTIC1
I
I
I
J
I
I
l
rMETAL GRID
/
/
/
/
/"
/
Ag LAYER-'
!
I
I
/
!
I
!
I
I
I
LSUBSTRATE
(KAPTONPLASTIC)
%
"---CdS
CS-40395
FigureIII-9. - Cross sectionof typicalcadmiumsulfide film cell.
RELATIVE
MAX
POWER,
PIPo
1014
li m
N
,8 R
m
.6
lO11
DOSE,ELECTRONSICM2
1015 1016 1017
t'KI ,,O---
1018
I
O 2 TO lO MEV PROTONS
I-I 0.6 TO 2.5 MEVELECTRONS
I I I I
1012 1013 1014 1015
DOSE, PROTONSICM2 CS-40355
Figure III-10. - Radiationdamageto cadmiumsulfide film cells.
7O
i ,!
CELLWT,
LBIFT2
.3-
.2
.1
BSTRATE
[Z_ KAPTON
_- "_STICETCHEDMo
o I I I I I
1962 1963 1964 1965 1966 1967
YEAR CS-40354
Figure III-11. - Improvementsin cadmium sulfidecell weights.
MEAN
PROD.
EFF,
10-
[]CLEVITE
O HARSHAW
m
6_
o I ,I I , , I
1961 1962 1963 1964 1965
YEAR
_'BEST(UNSTABLE)
I
1966
CS-40358
Figure III-12. - Efficiency improvementsin cadmiumsulfidefilm cells.
50 squarecentimeters; air mass, l; temperature, 25° C.
Cell area,
?l
PLASTIC4
r-GRID
\ i
• zl I i I '_
SCREENGRID
HELDBY PRESSURE
r-GOLD-FILLED
\ EPOXYCEMENT
I
SCREENGRID
HELDBY CEMENT
ELECTROPLATED
GRID
I I i I
COMPRESSION-BONDED
SCREENGRID
CS-40398
Figure III-13. - Griddingtechniquesfor cadmium sulfide cells.
r GRID
!
!
PLASTIC--, I F NYLONPLASTIC
PLASTIC-NYLON
,- EPOXYCEMENT
I
PLASTIC-EPOXY
TRANSPARENTINORGANIC
COATING(SiO, AI203, etc. I--_
d""
INORGANICCOATING
,,-GRID(ELECTROPLATED
I
/ OR COMPRESSION BONDEDI
CS-40396
FigureIII-14.-Encapsulant techniques for cadmium sulfidecells.
?2
IV.
N67 10265
ISOTOPES AND ISOTOPE THERMOELECTRICGENERATORS
Fred Schulman*
INTRODUCTION
Isotope power systems are particularly attractive for missions in which relative freedom
from environment, long life, and compactness are desirable. The properties of isotopes of
interest to space, thermoelectric conversion, thermoelectric generators, and two NASA missions
which illustrate this attractiveness are discussed briefly herein.
Isotope heat sources produce heat by stopping the alpha, beta, or gamma particles emitted
by suitable radioactive nuclides. This heat can be used with many of the various power conver-
sion cycles, which are discussed in detail in papers V, VIII, and IX. Because of availability,
cost, and safety problems, isotope power will generally be limited to applications of a few
kilowatts or less. Some of these problems are discussed in more detail in this paper.
ISOTOPIC POWER
Advantages and Disadvantages
Some of the principal advantages and disadvantages of isotopic power are as follows:
Advantage s Disadvantage s
Can be used in any environment
No power storage requirement
Flexible in operation
Long operational use
Compact
Heat available to maintain
equipment thermal balance
Highly reliable
Safety requirements
Availability
Possible costs
Unfamiliarity to users
Possible interference
with experiments
Isotopes need no power storage system, and excess heat is available, if needed, to maintain
equipment thermal balance and for thermal life support systems. However, isotopes can pose
_NASA Headquarters.
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severe spacecraft integration problems because of the heat and radiation produced. Because of
the potential usefulness of isotopes, NASA is considering an increasing variety of advanced
missions, both manned and unmanned, since it is convinced that these problems will be solved.
Such missions, in which isotopes are expected to play an important role in providing needed
power, are Voyager, Manned Orbital Research Laboratories, Jupiter Flyby, and others. The
AEC, which has the primary responsibility for providing the isotopes and developing the isotope
sources, is conducting a vigorous program to increase availability, reduce costs, and provide
needed information regarding fuel forms and heat sources.
Isotopic Power for Space Use
The beta-emitting isotopes, which have been considered for space use, are listed in
table IV-l(a). They are cobalt 60 (Co60), strontium 90 (Sr90), promethium 147 (pm147), and
thulium 170 (TmlT0). Beta emitters are usually easier to obtain than alpha emitters and hence
could be more plentiful and less expensive. However, most of them have high shielding penalties
that complicate spacecraft handling and safety problems. All of them have high bare-dose rates,
as shown in table IV-l(a), and shielding is required. Promethium 147 is the best beta emitter
with respect to shielding, and its 2.7-year half-life is attractive for many missions. Although
un.available at present for space power use, Pm 147 will become available after 1970 from the
Isochem purification plant being constructed at Hanford, Washington. Its capacity will be about
10 thermal kilowatts of aged Pm 147 per year. The low shielded dose rate from Pm 147 depends
on the impurity content of Pm 146 and Pm 148, as shown in figure IV-1. After about 700 days,
the dominant radiation from Pm 147 comes from the Pm 146 impurity content. If Pm 147 is
appreciably contaminated with these active impurities, the dose rate will be higher than the bare
and shielded levels of 100 roentgens per hour and 1 milliroentgen per hour, respectively, and in
that case more shielding may be required.
The advantage of the alpha emitters over the beta emitters is that they generally require
less shielding and can be more easily handled. The alpha emitters of principal interest are given
in table IV-l(b). These include the short-half-life polonium 210 (Po 210) and curium 242 (Cm 242)
and the longer half-life curium 244 (Cm 244) and plutonium 238 (pu238). Of all the isotopes,
pu 2 38 is accompanied by the least external radiation, thus simplifying its handling and integration
problems. Its half-life of 86 years makes Pu 238 suitable for long-lived missions, and it can be
stockpiled for later use with little loss from decay. It is, therefore, the isotope of choice for
many missions, and all space flights with isotope generators to date have used Pu 238. All these
isotopes have fuel forms that have high melting points, which make them suitable for considera-
tion for higher temperature and more efficient conversion systems like thermionic or Brayton
conversion cycles.
While shielding of isotope generators may be a disadvantage, most spacecraft will face radi-
ation from other causes in space, and in many cases shielding will be required. The radiation
levels that can be expected from the Van Allen belts, solar flare protons, and galactic cosmic
rays are given in table IV-2. Radiation levels of thousands of rads per hour from primary elec-
trons in the Van Allen belts can be virtually eliminated by a shield equivalent to 10 grams per
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square centimeter. However, an appreciable fraction of the bremsstrahlung radiation remains.
Other radiations except the high-energy galactic cosmic rays can be considerably reduced by
shielding. Thus, some shielding will probably be aboard many spacecraft, and the most efficient
design should take advantage of this to reduce any special isotope generator shield requirements,
especially for manned missions.
ISOTOP IC- POWER GENERATORS
A considerable number of isotopic-power generators ranging from a few milliwatts to about
60 watts have been built. All of them have been built by the AEC. Table IV-3 gives the space
units and, for completeness, the terrestrial units that have been built or are under development
to date. The AEC has assigned odd numbers to its isotope Systems for Nuclear Auxiliary
Power (SNAP) and even numbers to its reactor systems, such as SNAP-8 and SNAP-10A. Five
generators of the SNAP-3 and 9 types have been launched into space. One of them, a SNAP-3
unit launched in June 1961, is still operating on isotope thermoelectric power, sending back
telemetry signals through the isotope-powered circuit. This is the longest lived satellite
operating in orbit since Vanguard I ceased. All these units were fueled with Pu 238 and all of
them used lead telluride thermoelectric conversion modules.
These early model generators experienced some power degradation in space because of
various problems, such as leakage and increased contact resistance at the hot junction. Current
designs incorporate many technical improvements, such as reduction in number of seals, im-
proved thermoelectric materials, and better thermal and mechanical designs, which are expected
to reduce degradation to within about 5 percent of initial power.
SNAP-19 and SNAP-27 are being developed for NASA missions. SNAP-19 will be flown on
Nimbus B in late 1967, and SNAP-27 will be launched on the first Apollo mission before 1970.
One generator, SNAP-13, is a thermionic demonstration device. It was fueled with Cm 242
at the Oak Ridge National Laboratory and operated for about 43 hours when a leak developed in
the converter, and the test was terminated. Technology efforts are underway both at AEC and
NASA to improve performance and life of isotope thermionic generators. One of the principal
problems is the development of a suitable high-temperature heat capsule. The advantage, of
course, is potential higher efficiency.
The SNAP-29 generator, whose development has been recently initiated by the AEC to meet
the Department of Defense requirements is also under study by the Marshall Space Flight Center
as a possible power supply to extend the usefulness of the Instrument Unit aboard the Saturn V
launch vehicle. Under consideration are applications for a potential orbital workshop under the
Apollo application program. In these applications, one or more generators could be used to
satisfy increasing power needs. Many other studies are underway concerning isotope generators
for future missions, including Voyager lander, Jupiter flyby, and galactic and solar probes.
Obviously, long life and reliable operation of these generators must be _chieved if they are to
satisfy future mission requirements. For these space missions, the alpha emitters, particularly
Pu 238 , are desirable to minimize weight, shielding, and integration problems. On the other
hand, the terrestrial units generally employ the less expensive and more abundant beta
emitters, particularly Sr 90, since heavy shielding, of the order of tons, can be tolerated. In
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both cases, however, the generators employ similar thermoelectric elements, and therefore the
tests of these terrestrial generators contribute to the development of the long life and reliability
so important to space thermoelectric power units.
Figure of Merit
One measure of thermoelectric material performance is the figure of merit. The figure of
merit for lead telluride materials is shown as a function of temperature in figure IV-2. Similar
data for silicon-germanium alloys are shown in figure IV-3. While many semiconductor
materials have been examined during extensive research over the past 10 years, these two
materials have been found to be most generally suitable for space power use. The figure of
merit of a thermoelectric material is given by the equation Z = S2/pK, where S is the Seebeck
coefficient, p is the electrical resistivity, and K is the thermal conductivity. The figure of
merit depends on the inherent properties of the materials and is very sensitive to impurities
and temperature. As can be seen from the figures, lead telluride has a higher figure of merit
at low temperatures, and silicon-germanium alloys have a higher value than lead telluride only
when the temperature exceeds about 1000 ° K. Similar relations have been found for both n and
p materials. This sensitivity to impurities is undoubtedly one of the reasons for some of the
degradation noted in lead telluride thermoelectrics. Better quality control and improved bonding
techniques will improve this condition. The good low-temperature performance of lead telluride
is the principal reason it has been used in all space isotope power generators thus far. It will
be necessary to qualify a fuel capsule for higher temperatures in order to obtain equal perform-
ance from silicon-germanium. On the other hand, lead telluride is brittle, oxidizes easily,
and is volatile at 1000 ° K.
Heat Pipes Combined with Thermionic Converters
In addition to thermoelectric conversion, an interesting technology effort to improve conver-
sion efficiency in low-power generators is the combination of heat pipes with thermionic con-
verters. The heat pipe is an excellent thermal control device that can transfer heat from the
isotope heat source to the cathode of a converter. In tests at the Radio Corporation of America
(RCA), a heat pipe of TZM molybdenum alloy, which used lithium as a working fluid, success-
fully completed a 1000-hour life and compatibility test. It was also demonstrated that the heat
fluxes could be concentrated up to a ratio of over 9.3 to 1. This limit existed because the heat-
sink area of the heat-removal section of the heat pipe, which was progressively decreased while
maintaining the input area constant, could not be reduced further.
Figure IV-4 shows a combination of the heat pipe with a thermionic diode. This equipment
was used to determine the conversion efficiency of the heat pipe - diode combination, which was
found to agree closely with the calculated value (14.5 percent).
A test setup combining the heat pipe, the thermionic converter, and a power flattening device
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iS shownin figure IV-5(a). This setup operated very well. Figure IV-5(b) shows the same test
equipped with meters to demonstrate the constant diode output, automatically maintained by the
power flattening device, although the input power, simulating the decay of an isotope, may be
greatly reduced. In this experiment the power input was reduced from an initial 12 to 4 kilo-
watts, that is, a decrease of a factor of 3. As the heat is reduced, the hot length of the heat
pipe is reduced, but the temperature of the diode emitter and hence the output of the diode
remain essentially constant (from the 87 W shown in fig. IV-6 to 85 W). These tests suggest the
practicality of using relatively low power density isotopes such as Pu 238 for driving thermionic
converters and of using short half-lived isotopes such as Po 210 for missions of 2 or 3 half-life
durations.
MISSIONS USING ISOTOPIC THERMOELECTRICGENERATORS
The remainder of this paper discusses briefly two NASA missions that will use isotopic
thermoelectric generators and the availability and cost of the isotopes that may be used for
future space missions.
Nimbus B
The first mission is Nimbus B illustrated in figure IV-6. Two SNAP-19 generators will be
aboard this spacecraft, each producing 25 to 30 watts to supplement the 185 to 200 watts of power
produced by the two large solar paddles shown in the figure. Nimbus B is in reality designed
for solar power, and the two SNAP-19 units are retrofitted to the Nimbus sensory ring. It is
therefore not an optimum design, but it will nearly double the useful power aboard the satellite
since about 120 watts are needed to keep the satellite operating in its high-noon sun-oriented
mode. SNAP-19 also can be considered an important Nimbus B experiment that will provide
useful experience and guidance for followup isotope powered missions. Figure IV-7 is a cutaway
drawing of the SNAP-19 generator. A Pu 238 fuel capsule, located in the center, provides heat
to the lead telluride thermoelectric element hot junctions through the graphite heat-accumulator
block. Rows of thermoelectric elements surround the fuel capsule and are interconnected, in
much the same manner as solar cells, to provide extremely high reliability. Heat is rejected to
space through the radiator fins. SNAP-19 is an improved generator design. It has fewer seals
and leakage paths than either SNAP-3 or SNAP-9 and uses improved thermoelectric materials.
The SNAP-19 is shown in figure IV-8 while undergoing tests on the Nimbus spacecraft.
Mechanical, mass, and electrical checkouts are underway in preparation for a late 1967 launch.
The remaining schedule for the generators is as follows:
Event Scheduled date
Development started
Fueled-prototype qualification completed
Electrically heated prototype made available
Safety evaluation report submitted
Fueled flight model qualified
Fueled flight model backup made available
January 1964
October 1966
October 1966
December 1966
January 1967
April 1967
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In thenext few months the fuel prototype system will be qualified. A total of seven power
systems are in the program; each consists of two generators for a total of 14. Two sets of fuel
capsules for ground checkout and flight use are provided. The first fueled model will be shipped
and qualified about the beginning of 1967. A fueled flight backup system will become available
about 3 months later. The important point is that the thermoelectric isotope power units can be
used in flight programs in which tight schedules have to be met.
Apollo Lunar Surface Experiment Package
The second NASA isotope-powered mission is shown in figure IV-9. The SNAP-27 generator,
which is under development by the AEC for the Apollo Lunar Surface Experiment Package
(ALSEP), will provide power for a number of scientific experiments that will be left on the
surface of the moon by the Apollo astronauts. This generator is the first one to be used by
NASA where isotope power was specifically intended for the spacecraft application, rather than
retrofitted to a solar power design, as in the ease of Nimbus B.
Consequently, SNAP-27 is more efficient, and it produces more power for less weight. The
generator is designed to be fueled on the lunar surface. The astronaut will take the single fuel
capsule out of a special cask located on the Lunar Excursion Module (LEM) and insert it into the
generator with the aid of a special lightweight tool. The fuel cask is located externally to the
LEM and the fuel capsule is not part of the generator when it is aboard the spacecraft. This
arrangement, which was decided upon after a complete detailed analysis of the entire system
from the beginning to the end of the mission, minimizes the thermal problem within the shroud
during the launch and parking orbital phases of the mission.
Figure IV-10 illustrates the SNAP-27 generator. Like SNAP-19, it uses Pu 238 in a central
fuel element. This design employs improved lead telluride elements and a lightweight beryllium
radiator. It weighs 46 pounds, including the cask and handling tool, and produces 56 watts of
power.
Some of the characteristics of this generator, which is designed to operate on the lunar
surface for I year after 2 years storage on earth, are as follows:
Power (end of life), W ...... - ............................... 56
14Voltage, V ............................................
4Efficiency, percent .......................................
Diameter (over fins), in ..................................... 15.7
Length, in ............................................ 18.1
Temperature (maximum lunar day), OF:
Fuel clad ........................................... 1390
Hot junction .......................................... 1100
Cold junction .......................................... 525
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AVAILABILITY AND COSTS OF ISOTOPES
Civilian Sources
The availability of isotopes, their production, and their cost are discussed briefly in this
section.
Figure IV-11 shows the potential production of isotopes from civilian power only, not from
AEC sources. It is very encouraging and significant to note the large upsurge in the introduction
of civilian nuclear power in the past 2 years. In a 1962 report to the President, the Commission
estimated that there would be 40,000 megawatts of electrical power installed in the United States
by 1980. Further study resulted in an interim estimate given by the AEC at the Third Geneva
Conference on Peaceful Uses of Atomic Energy in the range of 60 000 to 90 000 megawatts by
1980. Recent AEC estimates indicate an even larger potential, perhaps as much as 110,000
megawatts of electricity by 1980. As a matter of fact, the majority of large new powerplants that
have been ordered in the United States during the past year have been nuclear. The important
point of this discussion is that as the civilian nuclear industry increases, the potential for
recovery of isotopes also increases. If proper steps are taken, approximately 1 thermal kilowatt
of Pu 238, the isotope of choice, can be obtained for every 1000 megawatts of installed thermal
power in the industry. It should be emphasized that the amounts of isotopes shown in figure IV-12
represent merely amounts potentially available from civilian industry. Proper incentives will
have to be offerred to ensure their becoming truly available. As is shown in figure IV-11, more
than 500 thermal kilowatts annually of Sr 90 might become available by 1980. For Pu 238, un-
fortunately, only minor amounts can probably become available until the late 1970's when about
100 thermal kilowatts might be produced annually. Promethium 147 production is low since much
of that produced is destroyed by radioactive decay or by neutron absorption in the reactor. The
figure indicates that curium 244 has a good production potential.
Atomic Energy Commission Sources
The second good source of needed isotopes is the AEC. The commission can respond to
varying requirements through the management of its vast reactor and separation facilities.
Figure IV-12 shows how the isotope of choice, Pu 238, can be obtained. The key to Pu 238
production is Np 237, a relatively stable isotope that has a half-life of about 2 million years.
Neptunium 237 is obtained chiefly by two reactions. The first is the (n,r) reaction on U 235, pro-
ducing U 236, which is further irradiated to produce U 237, which decays rapidly to Np 237 by beta
emission. Yields of U 237 are very low since U 236 has a very small absorption cross section.
The fuel is therefore recycled several times and upgraded when necessary to improve the yield
of U 237. Since Np 237 is different chemically and has a very long half-life, it can be separated
and stored or irradiated in a special reactor to produce Pu 238. The other reaction is the (n, 2n)
reaction on U 238 to produce U 237. The engire process requires about 7 years. The fuel must
be irradiated and reirradiated to build up the U 236 content because of the small cross section
until a reasonable yield of Np 237 is obtained.
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Furthermore, only about 10 to 20 percent of the Np 237 can be converted to Pu 238 per
reactor cycle. Attempts to increase the yield by increasing the flux or the irradiation time are
not practical, since the Np238 and Pu 238 already formed have high fission and neutron absorption
cross sections, respectively, and are readily burned out.
Thus, the production of Pu 238 involves many variables that have to be considered if
good yields at low cost are to be obtained. In short, the production of Pu 238 is a very complex
subject. The amounts obtained depend upon the amount of fuel consumption, its enrichment, the
fast- to thermal-neutron flux ratio, the times of irradiation, and many other factors. The yields
of products and the costs will change accordingly. In addition, there may be competing demands
on the reactors for other purposes, thus reducing their optimum Np 237 yields. To specify in
advance just what will become available in any given year is therefore extremely difficult.
However, since it takes about 7 years to complete a Pu 238 production cycle, the amounts of
isotopes that will ultimately be needed must be anticipated so that proper steps can be taken by
the AEC to ensure that a sufficient amount of Pu 238 will be available from civilian industries and
their own reactor facilities.
Since Np 237 is the key to Pu 238 availability, the amounts of Np 237 that might be produced in
various types of civilian power reactors, both operating and proposed, should be estimated.
Table IV-4 gives the amounts of Np 237 that could be produced in a sodium-graphite reactor
(Hallam), pressurized-water reactor (Yankee), boiling-water reactor (Dresden), heavy-water-
cooled reactor (Douglas Point), gas-cooled reactor (Hinkley Point), and several advanced reactor
designs. At low enrichments, most of the Np 237 is produced by the (n,2n) reaction on U 238
rather than by neutron absorption in U 235. The yield of Np 237 increases rapidly with burnup so
that the economy of the fuel cycle itself will greatly influence results. Obviously, some incen-
tives to industry must be given if the Np 237 in these reactors is to be recovered. It has been
estimated that a credit value for Np 237 of about 150 dollars per gram would be equivalent to a
reduction in fuel cost of about 0.3 to 0.4 mill per kilowatt hour.
Figure IV-13 gives the possible AEC production of Pu 238 for space use. The AEC probably
could produce for space purposes between now and 1980 an amount ranging from somewhat over
200 thermal kilowatts to perhaps more than 400 thermal kilowatts. The key problem is that in
the critical time period of the mid 1970's very little Pu 238 will be available from civilian power;
thus, the AEC reactors will be the primary sources. If a manned orbiting research laboratory
were selected at this time period, only approximately 100 to 200 thermal kilowatts would be
available. It is therefore most important that we design with care to get a highly efficient con-
version system to utilize the isotopes that might be available in that period.
Figure IV-14 summarizes the possible cumulative availability of Pu 238 for space use. The
curve represents only possible civilian production. The AEC has been requested to provide a
total of 500 thermal kilowatts by 1980. This production of Pu 238 would be from their own
sources or from a combination of their own and civilian sources. Obviously the AEC may have
demands on plutonium other than NASA, such as those used for medical applications (heart pacers
and heart pumps) and for military generators. By 1980, 800 thermal kilowatts could be available
for NASA if the proper steps are taken. Again the difficulty is in the mid 1970's when civilian
sources will be negligible and AEC sources will be dominant. Obviously the AEC could be
producing material earlier, as was indicated in figure IV-13.
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Theestimatedcost of the isotopes is as follows:
Radioisotope
Strontium 90
Promethium 147
Thulium 170
Polonium 210
Plutonium 238
Curium 244
Cost per
thermal
watt,
dollars
24
93
20 to 25
30 to 40
500
700
Strontium 90 and thulium 170 are relatively inexpensive. Promethium 147 will cost about
93 dollars per thermal watt. But, in general, the long-half-life alpha emitters, Pu 238 and
Cm 244, are quite expensive. The short-half-life isotopes, such as Pm 147, Tm 170, and Po 210,
are relatively inexpensive. Therefore, strong economic motivation exists for using either Pu 238
very efficiently or the beta emitters if possible. The interest of NASA in the advantages of
isotopes for future missions led to a comprehensive study last year at the Lewis Research Center
on the selection of isotopes for NASA use. This study was the basis for the guidance given to
AEC by NASA in March 1965. This guidance, summarized in table IV-5, was related to both
availability of isotopes and additional technology efforts required to determine more adequately
their usefulness in a wide variety of both manned and unmanned applications.
NASA asked the AEC for a minimum of 500 thermal kilowatts of Pu 238 and also asked them
to determine methods of producing more than 500 thermal kilowatts at low costs. NASA also
agreed to support the current efforts of AEC on Cm 244, which is to produce 4.5 kilograms of
Cm 244 and to determine its properties and its suitability for space use. Requirements for Po 210
were deferred pending mission selection because it appears Po 210 apparently can be produced
within a lead time that is shorter than the mission lead time. The short-half-life isotopes cannot
be stored. Plutonium 238, on the other hand, can be stored since it has an 86-year half-life. It
can be stored even more efficiently at less cost as Np 237 since the Np 237 has a 2-miUion-year
half-life, which prevents any loss by decay.
Because appreciable amounts of all other isotopes are lost by radioactive decay, their
production becomes rather mission dependent, and the timely scheduling of missions becomes
very important in maintaining an adequate supply of short-lived isotopes. The AEC is also being
supported by NASA in their current effort on Pm 147, which is to make available 10 thermal
kilowatts per year. The use of Pm 147 is very attractive provided, as discussed earlier, that it
can be made free from highly radioactive contaminants. At present, Sr 90 is not being considered
for space use. It is, however, a highly attractive isotope for terrestrial applications, but NASA
does not have any present interest in it until the AEC can demonstrate that Sr 90 can be handled
safely and that it does not unduly complicate spacecraft integration and launching procedures. In
the area of technology, the AEC was asked to look into problems of high-temperature fuel forms,
which will be needed if some of the higher temperature conversion systems, discussed in
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papersV, VIII, and IX are to be used.
The AEC was also requested to determine the criticality limits of some of the alpha
emitters, to investigate the safety problems of large heat sources because kilowatts of isotope
power are being considered for manned missions, to define safety criteria, and to supply more
information on the basic properties of the various fuel forms, such as thermal conductivity,
vapor pressure, compatibility, radiation spectra, etc. NASA has given this guidance to the AEC
because it is convinced that the advantages are so overwhelming that it is worth attempting to
solve some of the problems that have been discussed.
In conclusion, isotopes will be available in sufficient quantities to be considered for many
future space missions. The extent of their future use will be dependent on the programs now
underway to improve performance and availability, to define properties, and to provide accept-
able fuel capsules.
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TABLE IV-1. - CHARACTERISTICS OF ISOTOPES
FOR POWER PRODUCTION
(a) Beta emitters
Isotope
Cobalt 60
Strontium 90
Promethium 147 c
Thulium 170
Half-life
5.27 yr
28 yr
2.67 yr
127 days
Compound
Metal
SrTiO 3
Pm203
Tm203
Compound
power,
w/g
b3.0
.2
.3
1.75
Dose rate, mR/hr a
Bare 3-cmof
uranium
3x108 6><106
6><106 lxl04
1×105 1.0
4×106 50
(b) Alpha emitters
Polonium 210
Plutonium 238
Curium 242
Curium 244
i
138 days
86 yr
163 days
18.4 yr
Metal
matrix
PuO 2
Cm203
in metal
matrix
Cm203
17.6
.35
15.5
2.5
760
5
28O
6OO
aAt 1 m from 5-thermal-kW source.
b200 Ci/g metal.
CAged, 1 half-life.
1.8
.03
2
32
TABLE IV-2. - RADIATION LEVELS IN SPACE
Radiation
Van Alien beRs:
Electrons
Bremsstrahlung
Protons
Solar flare protons
Galactic cosmic rays
Radiation level,
rad/hr
Bare
103 to 105
1 to 100
10 to 100
10 to 100
~10 -3
10 g/cm 2 shield
~0
1 to 30
1 to 10
1 to 10
~10 -3
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SNAP
3
9A
II
13
19
27
29
Sentry
7A
7B
7C
71)
7E
7F
15A
21
23
Power,
W
2.7
25
25
12.5
3O
50
500
5
10
6O
10
60
7
60
• 001
10
60
TABLE IV-3. - ISOTOPIC POWER UNITS
Use Fuel Design
life,
yr
Space applications
Plutonium 238Department of Defense
navigation satellite
Department of Defense
navigation satellite
Surveyor
Thermionic demonstration
Nimbus B
Apollo Lunar Surface
Experiment Package
Department of Defense
application
Plutonium 238 5
Curium 242 .25
Curium 242 .25
Plutonium 238 5
Plutonium 238 1
Polonium 210 .25
Terrestrial applications
Strontium 90Weather station
Light buoy
Land light
Weather station
Boat weather station
Sonar
Navigation aid
Department of Defense
applications
Advanced undersea
Advanced terrestrial
Plutonium 238
Strontium 90
Strontium 90
2
10
10
10
10
10
10
5
Status
In orbit
In orbit
Tested
Tested
Under development
Under development
Under development
In use
Tested
Tested
Under development
Under development
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TABLE IV-4. - PRODUCTION OF NEPTUNIUM 237
IN SPECIFIC REACTORS
Reactor
Hallam
Yankee
Dresden
Douglas Point
Hinkley Point
Oak Ridge National
Laboratory GCR-3
Saline water reactor
Thermal
power,
MW
240
485
626
693
954
1908
Initial
enrichment,
percent
3.60
3.40
1.50
• 71
• 71
3.00
8300 • 71
Neptunium 237
production,
kg/yr
0.8
1.4
2.3
1.8
2.5
4.7
24.0
TABLE IV-5. - GUIDANCE GIVEN TO ATOMIC ENERGY COMMISSION BY
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Isotope
Plutonium 238
Curium 244
Polonium 210
Promethium 147
Strontium 90
[March 1965•
Availability Technology
500 thermal kW by 1980
Support current efforts
(3 to 4 kg)
Deferred pending mission
requirements
Support current effort
(10 thermal kW/yr)
No present interest
Develop high-temperature fuel
forms; determine criticality
limits; investigate large heat
sources; define safety require-
ments; determine properties.
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V. BRAYTON CYCLE TECHNOLOGY
Warner L. Stewart, William J. Anderson, Daniel T. Bernatowicz,
Donald C. Guentert, Donald R. Packe, and Harold E. Rohlik
INTRODUCTION
The space power sources discussed in this conference can be divided into two general cate-
gories. The first, static sources, includes batteries, thermionic generators, solar cells, and
fuel cells; it represents the direct-power conversion systems in which heat or chemical energy
is converted directly into electrical current. The second, dynamic power sources, converts heat
into electrical energy through an intermediate step that involves mechanical work. Power
systems of this type include the familiar Rankine and Brayton systems and are of principal
interest in the low kilowatt to megawatt level.
Although the Brayton cycle has been known for almost a century, the embodiment of its
principles into practical engines occurred only in the last three decades through the development
of the modern gas turbine engine. The principle by which this engine works is illustrated in
figure V-1 where the major components required for airbreathing power applications are
indicated. Air enters the compressor where its pressure is substantially raised. This high-
pressure air then enters the combustor chamber, where fuel is added and burned. The high-
pressure, high-temperature gas then expands through a turbine, spinning it, and producing
mechanical work. Approximately two-thirds of this work is used to power the compressor, and
the remaining one-third is used to drive the generator which, in turn, produces the useful elec-
trical power.
When the Brayton cycle is applied to a space power system, the fundamental cycle as just
described remains the same. However, since it is operating in a space environment, some
modifications must be made. Such modifications can be noted in figure V-2 where the compres-
sor, turbine, and generator previously described are shown in the lower right portion of the
figure. The three major modifications include the following:
(1) Since there is no air in space, the loop must be closed to reuse and to conserve the
working gas. This closed-loop operation actually represents a considerable advantage, since it
permits the use of working fluids with properties much more desirable than air.
(2) Because of the closed-loop operation and the extended times of operation, the heat source
must be of a different nature. Rather than burning fuel, heat sources such as solar and nuclear
energy must be used. The heat so generated must then be transferred into the working loop by
means of the indicated heat source exchanger.
(3) Provision must be made to reduce the temperature of the gas prior to redirecting it back
to the compressor. This is done by first passing the exhaust gas through a heat exchanger called
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a recuperator, where heat is transferred back into the working fluid at the compressor exit."
Such a step has the additional advantage of preheating the gas prior to going into the heat source
and, thus, it improves substantially the efficiency of the cycle. Final cooling then takes place
in the heat sink heat exchanger, where the remaining waste heat is transferred to a heat rejec-
tion loop. The heat is piped through a radiator where it is finally rejected to space.
From these considerations, it is evident that, although the basic cycle remains the same,
additional components and considerable complexity arise when such a system is applied to space
use.
The interest in the Brayton cycle for space power occurs for many reasons: (1) the extensive
technology gained during the last 30 years in the gas turbine field can be drawn on and applied,
(2) it has excellent prospects for applications where extended operation is required, (3) it is
versatile in that a given system can cover a range of power levels and can be applied to a broad
range of heat sources, and (4) it has potentially high cycle efficiency, thus making it a strong
candidate for low-power applications where heat sources such as isotopic and solar energy are
used and input energy is at a premium.
This interest has stimulated an extensive technology program at the Lewis Research Center
aimed at obtaining a better understanding of its potential and exploring special problems that
arise in its application. This paper reviews the technology program in terms of objectives,
scope, and progress. Three general areas are discussed: (a) a review of the Brayton features
as applied to a space power system, Co) a component technology discussion involving the perform-
ance and mechanical integrity of both rotating and heat transfer components, and (c) a system
technology discussion directed at the questions of system control and startup.
BRAYTON POWER SYSTEM FEATURES
CYCLE DESCRIPTION
A better understanding of the features of the Brayton power system can be obtained by a
comparison with the vapor, or Rankine, system. To do this, it is convenient to look at the
temperature-entropy diagrams for the two cycles shown in figure V-3. In the Rankine cycle, a
pump is used to pump the condensate returning from the radiator from a pressure corresponding
with the condensing temperature up to a pressure corresponding with the boiling temperature.
The liquid at high pressure is heated to boiling temperature, boiled along a constant temperature
line, and expanded down to condensing pressure and temperature in a turbine that drives a
generator. The vapor is then condensed and returned to the pump. It is important to note that
the pressures in this cycle are determined by the vapor pressure - temperature relation of the
working fluid and are not independent of the temperatures.
In the Brayton cycle, a compression process is followed by heating at approximately constant
pressure, first in the recuperator and finally in the heat source where the gas is heated to the
turbine inlet temperature. The gas is expanded through the turbine and is then cooled along an
essentially constant pressure path, first through the recuperator and then through the radiator
where the waste heat is rejected. The cycle is completed as the cooled gas from the radiator is
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ret_lrnedto the compressor. Because this is a gas cycle rather than a vapor cycle, the cycle
pressure level is independent of the temperature.
In a comparison of the characteristics of the two cycles, it is first noted that the working
fluids of interest in the Rankine cycle systems are liquid metals and involve a phase change. The
working fluids in the Brayton cycle systems, on the other hand, are inert gases and involve no
phase change. Certain problems or characteristics appear as a result of the nature of the working
fluids involved in the two cycles.
The Rankine cycle, which utilize_ a two-phase fluid, must contend with the problems of phase
separation in a zero-g environment in both the boiling and condensing processes. The single-
phase Brayton cycle is not subject to such zero-g effects. The liquid-metal working fluid of the
Rankine cycle introduces problems associated with corrosion and mass transfer, while the use of
an inert gas in the Brayton cycle eliminates such problems.
The two-phase Rankine cycle, however, offers a distinct advantage over the Brayton cycle in
pump work, in that the pump work required to pump a liquid is much less than the compressor
work required to compress the gas in the Brayton cycle. In a typical Brayton cycle system,
almost two-thirds of the turbine work may be required to drive the compressor, leaving only
one-third of the turbine work available as useful work. Because the useful work is rather small
compared with the compressor or turbine work, a small percentage change in compressor or
turbine work, resulting from small changes in efficiency or system pressure loss, will cause a
relatively large percentage change in useful work. It can be seen, then, that the Brayton cycle
performance is very sensitive to these factors, and there is a strong incentive to minimize system
pressure losses and to maintain high turbomachinery efficiencies.
Another important difference between the Rankine and Brayton cycles is the cycle temperature
ratio at which they operate. The cycle temperature ratio is defined as the ratio of the minimum
temperature in the cycle, that is, the radiator discharge or compressor inlet temperature, to
the maximum temperature in the cycle or the turbine inlet temperature. One minus this cycle
temperature ratio is equal to the Carnot efficiency. As can be seen from the temperature-entropy
diagram, the Rankine cycle operates at a much higher cycle temperature ratio than does the
Brayton cycle. This is because of the pressure-temperature relation of a vapor in the Rankine
cycle, such that low cycle temperature ratios are associated with very high expansion ratios, of
the order of 100 to 1 at a cycle temperature ratio of 0.6. Thus, in Rankine systems of interest
for space application, turbine problems associated with excessive expansion ratios and pump
problems associated with low suction head place a lower practical limit on the cycle temperature
ratio. The Brayton cycle, on the other hand, permits an independent selection of pressure and
temperature, and the selection of turbine expansion ratio and cycle temperature ratio is reached
through an optimization procedure involving tradeoffs between cycle efficiency and radiator area
requirements. This procedure results typically in turbine expansion ratios around 2 to 1 or less
and cycle temperature ratios around 0.25 to 0.30.
CYCLE EFFICIENCY
The capability of the Brayton cycle to operate at low cycle temperature ratios is favorable
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from the standpoint of cycle efficiency, as shown in figure V-4. In this figure, cycle efficiency
is plotted as a function of cycle temperature ratio for both the Brayton and the Rankine cycles.
The crosshatched area represents the region of minimum practical cycle temperature ratio for
the Rankine cycle, as previously discussed. Both curves show increasing cycle efficiency with
decreasing cycle temperature ratio, but it can be seen that the Brayton cycle operates at cycle
temperature ratios around 0.25 to 0.3, while the Rankine cycle is constrained to operate at cycle
temperature ratios of around 0.65 to 0.7 or above. As a result, Rankine cycle efficiencies are
lower than Brayton cycle efficiencies, even though the Rankine cycle is thermodynamically a
more efficient cycle when operating between the same temperatures, that is, at the same cycle
temperature ratio.
RADIATOR AREA
Although low cycle temperature ratios are favorable from the standpoint of high cycle
efficiency, the associated low radiating temperature results in large radiator areas. This effect
is shown in figure V-5, where specific prime radiator area is plotted as a function of cycle
temperature ratio for a Brayton cycle and a Rankine cycle operating at a turbine inlet tempera-
ture of 1950 ° R and a sink temperature of 400 ° R. The crosshatched area again represents the
region of limiting cycle temperature ratio for the Rankine cycle. It is seen that the Brayton
cycle radiator area is quite sensitive to cycle temperature ratio as compared with the Rankine
cycle and is an order of magnitude higher.
Because of this large radiator area requirement, a Brayton cycle operating at current tur-
bine inlet temperatures in the range of 2000 ° R is of primary interest in relatively low power
applications, measured in tens of kilowatts, where radiator area is not so dominant and high
cycle efficiency may be important. Solar- and isotope-powered systems are examples of low
power systems, where high cycle efficiency is desirable from the standpoint of minimizing the
required size of a solar concentrator in a solar system or minimizing the isotope inventory
requirements of an isotope-powered system.
It would be possible to reduce significantly the radiator area requirement of the Brayton
cycle if turbine inlet temperatures could be increased. This effect is shown in figure V-6 where
minimum specific prime radiator area is plotted as a function of turbine inlet temperature in OR
for a sink temperature of 400 ° R. If the turbine inlet temperature could be increased to 3000 ° R,
the specific radiator area could be reduced to one-third of that area required at present turbine
inlet temperatures of about 2000 ° R. If material properties can be improved to a point where
such increases in turbine inlet temperature can be achieved, the Brayton cycle may become of
interest at higher power levels.
PRESSURELEVEL AND MOLECULAR WEIGHT EFFECTS
It has been pointed out that the pressure level of the Brayton cycle can be selected independ-
ently of the cycle temperatures. Freedom to adjust pressure level is useful in two ways. First,
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it permits theuseof the sameturbomachineryovera rangeof power levels throughchangesin
pressurelevel. For example,thepowerof the compressorandturbine canbedoubledbydoubling
thepressure. In this way, oneset of turbomachinerycouldbethe heart of a variety of power
systems. Second,it permitsa choiceof the sizeof thecomponentsfor anyparticular power
range. In particular, it permitstheuseof morenearlyoptimum-sizedturbomachinery. At low
powerlevelswheremassflowsare small, thepressurelevel canbe reducedto keepvolume
flowsat reasonablelevels. In this manner,extremelysmall turbomachinerydiametersfor which
it is difficult to maintainhighefficiencycanbeavoided.At lowpressure levels, however,a
penaltyis paid in theform of larger heatexchangercomponents.
Anotherimportantvariable affectingturbomachinerygeometryin terms of bothnumberof
stagesandsize is thegasmolecularweight. Figure V-7 showsthe numberof turbomachinery
stagesrequiredandthe relative sizeor diameteras afunctionof molecularweight. Thenumber
of stagesshownis for anapplicationfor whichonestageis requiredwith argon(mol. wt, 40),
andthe size is shownrelative to that requiredwith argon. As molecularweightis decreased,
thenumberof turbinestagesrequiredincreasesrapidly. Thus, anapplicationrequiringa single
turbine stagewith argon(mol. wt, 40)wouldrequire2 stageswith neon(mol. wt, 20)and
10stageswith helium(mol. wt, 4). At highermolecularweights, less than1 stageis shownto
be required. For thesehighermolecularweights,a singlestagewouldbeused,but it couldbe
operatedat lower speedsandstresseswith obviousbenefits.
FigureV-7 showsthat, as molecularweightis increased,theturbomachinerydiameter
increases. For low powermachinery,this canbea helpfultrend. For example,a compressor
thatwouldbeonly 3 inchesin diameter if argonwereused,wouldbe20percentlarger, or
3.6 inchesin diameter, with krypton(mol. wt, 83).
Gasesof high molecularweight, therefore, are favorableto the turbomachinery,but these
benefitsare not obtainedwithoutsomepenalty. Here,a penaltyis paid in increasedheatex-
changersize. This effect is shownin figure V-8, inwhichthe bars indicaterelative heatex-
changersize (volume)associatedwith eachof five inert gases,helium, neon, argon,krypton,
andxenon,with the sizenormalizedto 1at helium'smolecularweightof 4. Theheatexchanger
sizeassociatedwith eachof thepure gasesincreaseswith increasingmolecularweight. A heat
exchangerdesignedfor usein argonis about6 timesas largeas onedesignedfor use in heliumto
meetthe samerequirements,while onedesignedfor usein xenonwouldbealmost15times as
large. It is apparent,then, that the choiceof theworkingfluid involvesa tradeoffbetweenthe
turbomachineryandtheheatexchangercomponents.
It is possibleto achievethebenefitsof highmolecularweightfrom thestandpointof the
turbomachinerywithoutsucha large sacrifice in heatexchangersize throughtheuseof mixtures
of theseinert gasesrather thanthepure gases. Aslongasthe molecularweightis the same,
the mixture andthepure gasbehavethe samein theturbomachinery,andthepreviousdiscussion
aboutnumberof stagesanddiameterappliesaswell to mixtures. However,thethermal con-
ductivity canbesubstantiallyimprovedby mixingthehighlyconductiveheliumwith a heavygas,
like xenon,to givethe desiredmolecularweight. Thecurvelabeledhelium-xenongasmixture
showsthat, for eachintermediatemolecularweight(neon,argon, krypton), the improvedcon-
ductivity of the mixture reducestheheatexchangersize to almosthalf.
Current interest is in gaseswith molecularweightsin the rangeof 40 to 80for powerlevels
99
from a fewkilowattsto afewtensof kilowatts. In this range, theuseof gasmixturesappears'
to beanattractivemethodfor improvingtheheattransfer characteristicsof the Braytoncycle
working fluids, if problemssuchaspossiblepreferential leakageof heliumfrom the systemare
notencountered.
COM PONENT TECHNOLOGY
From the cycle discussion, it is evident that the components must have high performance in
order to exploit the performance potential afforded by the Brayton cycle. In addition, these
components must have within them the ingredients that give them high mechanical integrity and
long life capability. These two concerns, performance and mechanical integrity of the compo-
nents, are discussed herein. The section is divided into two major subareas, rotating compo-
nents, which have more general application, and heat transfer components, some aspects of
which must be tied to more specific applications.
ROTATING COM PONENTS
The discussion of the rotating components is divided into four parts. The first two deal
with the performance aspect of the turbomachinery and generator involved, whereas the last two
are concerned with the packages involved when these components are put together. The first of
these sections discusses the use of gas bearings applied to Brayton packages, and the last part
describes the results obtained to date in the investigation of one such package.
Tu rbomachinery Aerodynamics
Design considerations. - In the selection of turbomachinery for Brayton space power sys-
tems, two candidate compressors appear suitable, the single-stage centrifugal and the multistage
axial. On the drive end of the shaft, radial- and axial-flow turbines may also be considered.
The units shown in figures V-9 and V-10 are the rotors of two matched sets of turbine and
compressor designed for a particular Brayton system. The compressor rotors (fig. V-9) in-
cludes a 6-inch-diameter radial-blade centrifugal unit and a six-stage 3.5-inch-diameter axial
unit. The radial in-flow turbine rotor (fig. V-10) is about 6 inches in diameter and was designed
to drive the centrifugal compressor. The axial turbine shown drives the six-stage compressor
and has a tip diameter of 5.1 inches. The size of these components brings up several questions
regarding fabrication and performance, and the importance of high component efficiency indi-
cates careful consideration of the factors that influence efficiency. These have been explored in
a program combining in-house and contract efforts.
There are several areas that must be considered before the turbine and compressor compo-
nents of a given system are designed. Three major areas of concern include the selection of
design point conditions consistent with high efficiency, the use of optimum geometry, and the
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influenceof small size andlowReynoldsnumberonperformance.
Theselectionof the design point operating conditions involves the use of optimum velocity
diagrams, and selection of an optimum velocity diagram involves the use of curves such as that
shown in figure V-ll. In figure V-11, turbine efficiency, based on total pressures at the inlet
and outlet, is shown as a function of the ratio of turbine tip speed to the isentropic gas velocity
corresponding to the turbine expansion process. This ratio is commonly used to identify turbine
velocity diagrams and the shape of the curve is typical of both radial and axial turbines. Effi-
ciency goes to zero at zero speed and also at a high speed where the blades overspeed the gas
flow to the extent that no turning takes place in the rotor.
The data points on the curve were obtained with the 6-inch radial turbine. The peak efficiency
of 0.88 is quite satisfactory for this application and compares favorably with much larger tur-
bines. The occurrence of peak efficiency at a velocity ratio of 0.7 is consistent with previous
work in radial inflow turbines.
After selection of the optimum velocity diagram, the influence of overall geometry must be
considered. Figure V-12 shows how geometry considerations affected the selection of rotative
speed for the 6-inch radial turbocompressor. In figure V-12, compressor efficiency and tip
radius are shown to vary with shaft speed for a given set of gas conditions and flows. The cross
sections are compressor impellers corresponding to various combinations of radius and shaft
speed when tip speed is fixed by the required pressure ratio and velocity diagram considerations.
The inlet is about the same in each cross section. This results from an essentially constant
volume flow as governed by cycle conditions. The impeller shape is, therefore, a function of
speed. Past experience in the field has produced the illustrated efficiency variation, showing,
for this example, an optimum speed near 35 000 rpm. The cross section here, then, shows the
optimum overall geometry. The speed range shown in figure V-12 (35 000 to 60 000 rpm) in-
cludes the speeds of interest in Brayton space power systems.
Another consideration in the selection of the design point is associated specifically with the
compressor. This may be seen in figure V-13, which shows experimental performance in argon
of the 6-inch centrifugal compressor. Pressure ratio is plotted as a function of weight flow,
ratioed to the design flow, for lines of constant speed. Efficiency is shown as contours super-
imposed on the speed lines. The location of the design point shows that the design combination of
pressure ratio, speed, and flow was achieved in this design. The operational boundary on the
left is the compressor surge line, which represents a condition of violent flow fluctuations with
induced shaft and blade vibrations. Figure V-13 shows that the maximum efficiency at each
speed occurs near the surge line. Safe operation of the compressor, however, requires a margin
between surge and the design point. This involves a sacrifice in efficiency of about 2 points.
The selection of design point velocity diagrams, therefore, is made on the basis of an
optimum blade-to-gas velocity ratio which yields maximum efficiency. Optimum geometry, also
corresponding to maximum efficiency, is the influencing factor in the selection of rotating speed.
In addition, to ensure safe operation of the compressor, there must be a safe margin between
surge and any programed operation.
Reynolds number and size effects. - The effect of Reynolds number on boundary layer behav-
ior has been studied rather extensively. As Reynolds number is reduced in the turbulent regime,
a progressive thickening of the boundary layer occurs. As Reynolds number is reduced further,
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the flow in theboundarylayer becomes laminar, and separation and increased loss are likely to
occur. In order to determine the extent to which Reynolds number influences performance,
experimental investigations were made over a wide range of Reynolds number using the 6-inch
radial turbine and the 6-inch centrifugal compressor. Results of these tests are shown in
figure V-14, in which total efficiency is plotted against Reynolds number based on rotor blade
chord. Although a wide range in Reynolds number was covered, no sharp decreases in efficiency
were observed. This indicates that there were no pronounced effects of laminar flow separation.
The design Reynolds number for the compressor is about 300 000, and the maximum experimental
efficiency was 0.79 at design speed.
The turbine efficiency was 0.88 at design speed, pressure ratio, and Reynolds number. The
drop in efficiency, therefore, was only 0.02 in decreasing Reynolds number from 150 000 to the
design value. The difference in efficiency levels between the compressor and turbine reflects
the fact that turbines benefit from the accelerating internal flow, while the compressor must cope
with appreciable flow decelerations and consequent higher losses. It can be pointed out that there
is some concern regarding the performance of the axial flow machinery. The very short blade
chords in both turbine and compressor result in design Reynolds numbers of 20 000 and 75 000,
respectively. These axial flow machines are now being tested to determine the extent to which
these low Reynolds numbers influence the efficiency levels.
Reynolds number and size are related directly by the characteristic length in the Reynolds
number equation. There are other considerations, however, that obscure this relation when
Reynolds number loss correlations are attempted. Other size factors include contour coordinate
accuracy, flow area control, running blade tip clearances, and surface roughness. Therefore,
a size study was initiated in the Lewis technology program. Figure V-15 shows the impeller of
the 6-inch centrifugal compressor described previously and a similar compressor 3.2 inches in
diameter. The tip diameter ratio is almost 2 to 1, and the flow area ratio is about 3.5 to 1.
Also, a radial inflow turbine was made geometrically similar to that described in the Turbo-
machinery Aerodynamics section. The two rotors are shown in figure V-16. The tip diameters
are 6.0 and 4.6 inches and result in a diameter ratio of 1.3 and an area ratio of 1.7. These
machines were tested over a range of Reynolds number, and the efficiencies are shown in
figure V-17. Turbine total efficiencies plotted were measured at design equivalent speed and
pressure ratio and, consequently, at the design value of blade-to-ideal-gas velocity ratio. The
compressor efficiencies, however, are the maximum values of efficiency at design equivalent
speed. Earlier correlations using design flow or pressure ratio at design speed were question-
able because of the effects of thickened boundary layers on flow and also impeller-diffuser mis-
match as Reynolds number was reduced. Both the compressor and the turbine show some size
and Reynolds number effects. The differences associated with size vary from only a point or so
in the compressor to two or three points in the turbine. From this, it can be concluded that size
and Reynolds number can be important in space power system components, so some care must be
exercised in selecting these parameters. The efficiency levels being achieved, however, are
satisfactory for low-power Brayton applications.
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Electric Generator
The electric generator converts the available shaft power into electric power to supply the
many and varied loads that are typical of space power systems. In order to be applicable for a
space power Brayton system, a generator must meet the following two criteria: it must be very
reliable in order to operate over extended periods of time with zero maintenance, and it must
convert mechanical to electrical power with high efficiency. In general, all other factors such
as weight and size are of secondary importance in this application.
Reliability. - The question of reliability will be considered by first reviewing the conven-
tional alternating current generator or alternator concept. Figure V-18 shows a simplified
diagram of a conventional two-pole alternator with the field winding on the rotor. This machine
has both brushes and slip rings on the shaft to carry current through the rotating field windings.
The brushes are a continuous point of friction and wear and a source of contaminant particles
for a space power system and are, therefore, a potential cause for unreliable operation. Because
of the stringent reliability requirement, the brush slip ring concept is considered unsuitable for
space power applications. While it is true that brushes can be eliminated by an additional winding
and rotating rectifiers, as is popular in the aircraft industry, it is desired to improve further
the inherent reliability of a space power system alternator by removing the windings entirely from
the rotor, leaving only a solid magnetic path.
In an alternator, voltage is generated by the time rate of change of flux through the armature
windings. Thus, any arrangement that causes flux variation with rotation will induce voltage in
an armature coil. One such arrangement is shown in concept in figure V-19. This machine has
both field and armature windings on the stator, the stationary magnetic element. The rotor has
no windings. As the shaft rotates, once each revolution, the rotor pole faces become alined with
the stationary pole faces and, at this point, maximum flux through the iron occurs; at 180 ° rota-
tion from this maximum, a minimum flux condition occurs. The changing flux thus induces arma-
ture voltage. Also, the flux through the rotor is always unidirectional because of the axial offset
of _the pole faces. In a real machine of this type with a cylindrical stator, the flux is not only
unidirectional but constant as well. This constancy of flux all but eliminates eddy current heating
losses in the rotor iron and, except for the pole faces, permits solid rather than laminated con-
struction. One additional advantage of the solid rotor is that the field losses, which result in
heat, occur on the stator in this type of machine, where cooling can be more easily provided.
Therefore, even though the conventional wound rotor alternator is lightweight and more effi-
cient, the overriding reliability requirement indicates that the solid rotor alternator has the best
potential for space power application.
There are many variations of solid rotor alternators. The choice of which variation to use
depends on the system requirements. In the Turbomachinery Aerodynamics section, it is pointed
out that, in order to achieve good performance, the turbocompressor shaft speed must run
typically between 30 000 and 60 000 rpm. Solid rotor alternators, on the other hand, are better
suited to a lower speed range, typically 10 000 to 40 000 rpm. In addition, the lower speeds are
more desirable on the basis that power at 400 cps, which is a standard aircraft frequency for
which there exists a vast technology and a wide variety of off-the-shelf devices, can be generated
directly only at the lower speeds, for example at 12 000 rpm in a four-pole alternator. Depending
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therefore on the requirements, the configuration of the Brayton system may be either a one-
shaft or a two-shaft system, as shown in figure V-20.
The single-shaft system, shown in figure V-20(a), combines the turbine, alternator, and
compressor on the same high-speed shaft, while the two-shaft system (fig. V-20(b)) has only the
compressor and its turbine on a high-speed shaft and the alternator with a second turbine on a
low-speed shaft. The single-shaft system has the advantage of being compact in size and easily
integrated into the system. The two-shaft system is somewhat larger in total size and more
difficult to integrate into the system; however, it provides lower output-power shaft speeds and
allows independent development of both rotating packages.
Efficiency. - Efficiency is, of course, influenced by many factors. For the high speed
alternators, windage losses are a significant element of efficiency. Thus, for high-speed
operation, it would be desirable to design a rotor with a smooth surface. Figure V-21 shows a
two-pole alternator rotor of this type. The bottom view shows the two-pole pieces before
assembly. In the assembled rotor shown at the top, magnetic pole piece separation has been
achieved by the use of a nonmagnetic filler material, in this case, Inconel. As can be seen, the
rotor surface is smooth, which tends to minimize windage losses in the machine at high speed.
Where the system requirements permit a lower speed alternator configuration, a machine of
the type shown in figure V-22 may be used. In figure V-22 is a view of the dissassembled alter-
nator. In this machine, pole separation is achieved on the rotor both by axial displacement and
by elevation of the pole faces. Windage losses are minimized by end plates. It may be noted
that this is a four-pole alternator, as opposed to the two-pole conceptual machine shown in
figure V-18. The use of four-pole construction on the rotor permits mechanical balancing, but
it also has the effect of doubling the output frequency for the same shaft speed. This machine
is rated at 12 kilowatt output at a speed of 12 000 rpm and a frequency of 400 cps.
As part of the Lewis Research Center program to investigate their performance, two solid
rotor alternators have been built. Both are 12 000 rpm, 400 cps machines of similar design.
They include the aforementioned Brayton system 12-kilowatt machine and a 60-kilowatt machine
for the SNAP-8 Rankine system. Figure V_23 plots the performance of these two machines at a
power factor of 0.8. The solid line is a curve generated from loss measurements made on the
12-kilowatt Brayton machine. The data points are measured efficiencies of the 60-kilowatt
SNAP-8 machine. It can be seen that the efficiency of both machines is essentially flat at about
91 to 92 percent over a wide power range. These efficiencies are electromagnetic efficiencies
and do not include bearing losses.
Tests to date show that the lower speed solid rotor alternators have satisfactory performance
and, although the performance of the high-speed machines has not been demonstrated, no signifi-
cant problems are anticipated.
Magnetic unbalance. - Magnetic unbalance is of concern in a Brayton alternator because of
the use of gas bearings. Figure V-24 is a schematic view of one end of the rotor shaft. The
problem in this machine arises from the fact that the two diametrically opposite pole faces are of
the same magnetic polarity. When the rotor is centered, as in figure V-24(a), the flux is uniform
on both pole faces and balance is achieved. If the centerline of the rotor is displaced as shown in
figure V:24(b), however, the flux through the small gap will increase while the flux through the
large gap will decrease, thereby creating a net force of attraction toward the smaller gap. As
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anexampleof the magnitudeof theproblem, analyticalstudieshaveshownthat for the 12kilowatt
Braytonmachine,a periodic force of attractionof up to 20poundswouldresult from a 0.002-inch
displacementin a machinewith a 0.040-inchradial gap. Thebearingswouldbe requiredto
supplyanopposingforce of equalmagnitude.Studies,bothanalyticalandexperimental,are
underwayto fully evaluatethis problem.
Gas Bearings
Design considerations. - Some of the system characteristics and operating conditions have a
profound influence on bearing selection and design. (1) The system is required to operate for
several thousand hours with a high degree of reliability and, during this time period, the inert
gas working fluid must be kept clean. This makes it advantageous to use gas bearings. The use
of oil-lubricated rolling bearings would result in greater power loss, weight, and complexity
because of the need for seals and oil scavenge and separation systems. (2) The low pressure
level and pressure ratio of the system dictate the use of self-acting or hydrodynamic bearings,
which generate their own load capacity, as opposed to externally pressurized or hydrostatic
bearings. Because of the low pressure drop available, purely hydrostatic bearings would not
have sufficient load capacity unless the bearings were made quite large. (3) It is necessary for
the power system to operate at high speeds and low loads to zero loads in a zero-gravity
environment. This combination of operating conditions makes the stability characteristics of the
bearings extremely important. Stable operation of the rotor or shaft in the bearing implies the
absence of any motion of the shaft axis relative to the bearings other than simple synchronous
eccentricity caused by shaft unbalance.
Journal bearings. - A conventional circular journal bearing, such as illustrated in fig-
ure V-25, is not suited for high-speed, low-load operation because of its tendency to be unstable.
Under the action of a load, the journal center Oj deflects to form a fluid pressure wedge, but it
does not move in the direction of the load. The resulting fluid film pressure force can therefore
exert a moment about the bearing center O B so that, if a momentary imbalance of forces
occurs, it can drive the journal center into an orbital motion around the bearing center. This
so-called whirl can destroy the bearing if its amplitude becomes great enough to cause a rub.
The most effective type of gas journal bearing in resisting whirl instabilities is the tilting or
pivoted pad bearing. A four-pad pivoted journal bearing is shown in figure V-26. It consists of
a journal and four pads, each of which is free to pivot so that it can adjust itself to the position of
the shaft. Under zero external load conditions, a pivoted pad bearing can be set up geometri-
cally so that each pad applies restoring forces to keep the shaft centered in the bearing. A
wedge-shaped film is formed between each pad and the shaft, similar to that of a highly loaded
ordinary journal bearing.
In addition to stability, load capacity, power loss, and running clearance are also important.
The performance characteristics of a single pad of a typical three-pad bearing used in a Brayton
turbocompressor are illustrated in figure V-27. Pad load capacity in pounds and pad friction in
watts are shown as functions of minimum film thickness. The operating minimum film thickness
is of the order of 0.0004 inch. At this minimum film thickness, the power loss is about 20 watts
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for onepad,or 60wattsfor a three-padbearing. This is reasonablebut, in small machinesof.
onlya fewkilowatts, outputbearingpowerloss canbea problem, socaremustbetakento main-
tain adequatefilm thickness.
A problemthat mustbeconsideredwith self-actingbearingsis thattheyhaveno loadcapacity
at startupwhenthere is norelative motionof the surfaces. Therefore, to avoidsurfacecontact
at startup, whichcouldresult in damageto the critical bearingsurfaces,a systemof external
pressurizationis used. Thearrangementused, shownin figure V-28, consistsof abearingpad
mountedona diaphragmwith a ball andsocketpivot. Pressurizedgasis fedthroughthepivot to
avoidattachinglinesto thepad; attachmentswouldincreasepadrestraint, whichis detrimentalto
bearingstability. Thefitted ball andsocketpivot is usedto minimize leakageof thepressurizing
gas. Pressurizedgasis fedto four orifices onthepadsurface. FigureV-29 showsthethree
journalbearingpads. Thefour orifices for hydrostaticjackingcanbeseenin eachof twopads,
andthepivot socketcanbeseenonthebacksideof thethird pad.
Thermal considerations. - As might be surmised from the small film thicknesses, the gas
journal bearings are quite sensitive to thermal distortion and differential thermal growth of the
shaft and pad carriers. Minimum film thickness must be maintained within rigid limits, as can
be seen in figure V-30. The permissible limits of minimum thickness are shown in the area
bounded by the crosshatching. The minimum film thickness at the operating point is of the order
of 0.0004 inch. With the pad pivots rigidly mounted, it would require a differential temperature
of only a few degrees Fahrenheit to either completely take up all the bearing clearance and get
into the overload area shown on the left or to increase the bearing clearance and get into the un-
stable operation area shown on the right. In a hot machine, this is obviously unacceptable.
One way to overcome these problems of maintaining pivot film thickness within rigid limits
in a hot machine in which the parts undergo drastic changes in temperature is by mounting one or
more of the pads on a soft spring, such as the diaphragm shown in figure Vo28. This makes the
journal bearings quite tolerant to otherwise hazardous thermal conditions. The effect of pad
mount stiffness on thermal tolerance is shown in figure V-31. The relative thermal growth that
can be tolerated is shown in the area bounded by the crosshatching. With rigid pad mounts, only
a small amount of relative thermal growth can be permitted, since all of it appears as a change
in the film thickness. With a spring mount, however, a large relative thermal growth can be
permitted, since very little of it appears as a change in film thickness. Practically all of it is
taken up as a deflection in the spring mount. A soft spring mount thus makes the bearing very
tolerant to thermal conditions.
Thrust bearings. - Two types of thrust bearings being considered for application in Brayton
machinery are illustrated in figure V-32: these are the Rayleigh step bearing and the spiral
groove bearing. The Rayleigh step bearing is composed of a number of segments (the bearing
shown in fig. V-32(a) has eight), each with a feed groove, a step, and a land area. Clockwise
rotation of the smooth-faced mating runner drags gas across each of the eight steps where it is
compressed. Four jacking orifices, used for external pressurization at startup, are located on
the lands of alternate sectors.
The spiral groove bearing utilizes a large number of very shallow spirally cut grooves.
Counterclockwise rotation of a smooth-faced runner causes gas to be pumped radially inward. A
pressure rise is created, which supports the load. In the spiral groove bearing, the jacking
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orifices are placedonthe landarea insidethe grooves.
A photographof the hydrodynamicthrust bearingusedin a Braytonturbocompressoris
shownin figure V-33. It is aneight-sectorstepbearing. Thefeedgrooves,steps, andlands,
aswell as thefour jackinggasorifices are visible in thefigure.
Operating experience. - The operating experience to date with the Brayton turbocompressor
at turbine inlet temperatures to 1250 ° F indicates that the bearings operate stably. Pains have
been taken, however, to control the bearing thermal environment carefully. The magnetic loads
imposed on the bearings in the turboalternator are still an unknown factor since this unit has not
been operated. More work is required to develop bearings that are less thermally sensitive and
generally more rugged.
In other machines such as helium blowers, gas bearings have demonstrated several thousand
hours of reliable operation, although at lower temperatures than those in Brayton machinery.
Packaging
Temperature control. - The bearing considerations already discussed lead to numerous
packaging problems, which include thermal isolation of the hot turbine area, minimum tempera-
tures and temperature gradients in the bearing area, and flexibility in the bearing mounts. In
order to explore and solve these problems, the turbocompressor component of a twin-shaft
system is being operated at Lewis Research Center. This unit is shown in figure V-34. Visible
are the compressor volute on the left, the turbine inlet scroll on the right, and the shell housing
the bearing cavity between the two. The turbine and compressor are the radial units previously
discussed. The package interior is shown schematically in figure V-35. Here again, the com-
pressor is shown on the left and the turbine on the right. The thrust bearing, with a gimbaled
stator, is mounted between the two journal bearings. The journal bearing cross section shows
the low-spring-rate diaphragm mount of one pad in each journal bearing array of three pads.
Three struts or columns, as shown at the bottom of figure V-35, support the compressor and
turbine housings and the bearing carriers and thus control all running clearances.
Thermal isolation of the turbine area was accomplished with three major heat barriers;
these include the thin-wall hollow section in the shaft adjacent to the turbine rotor, the two coated
radiation shields, and the thin-wall hollow sections in each column at the hot end. These heat
barriers interrupt the major heat paths as much as possible without sacrificing structural
integrity.
Steps were also taken to minimize temperature gradients in the bearing area. Copper inserts
in the shaft and column serve this purpose. The heat that does get through the heat barriers and
the heat generated by bearing friction are removed by a small quantity of cooling gas and conduc-
tion to the compressor end of the package.
Preliminary investigation of the operating characteristics of the package has been made in a
test facility that permitted slow starts and fine control of speed and flow. Figure V-36 shows the
test installation with the shaft vertical in order to pre_,ent gravity loads on the journal bearings.
The compressor is at the top. About 70 instrument leads connect internal instruments with dis-
play and recording equipment in the control room. The investigation was made with turbine inlet
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temperaturesup to 1000 ° F, and successful self-acting operation of the bearings was obtained.
Measured temperatures in all bearing parts showed a range of 27 ° with an average of about
300 ° F. These tests indicate that temperature controls designed into the unit have been fairly
effective. The level of all internal temperatures will increase, of course, as turbine inlet
temperature is increased to the design value of 1500 ° F.
Critical speed and shaft vibration. - An important factor in the design and operation of any
rotating machinery is critical speed. Care must be taken to ensure that none of the natural
frequencies of the system coincide with or are even near the design speed. The first two critical
speeds are the rigid body criticals; one involves a conical motion of the shaft while the other is
a cylindrical motion. These frequencies depend to a large extent on the spring rates of the
bearing mounts. A third critical speed involves shaR bending, and the speed at which it occurs
depends largely on shaft stiffness. The radial turbocompressor was designed to have the first
two criticals occur at very low speeds and the third well above the design speed. A rotating
mass cannot be perfectly balanced; consequently, there will be some exciting force at the critical
speeds that will result in rotating loads and shaft excursions within the bearings.
Since it is important to know both the location of critical speeds and the magnitude of shaft
excursions, shaft displacement probes were mounted near each journal bearing. Figure V-37
shows the arrangement of the probes relative to the hard- and soft-mounted pads. The probes
are located in radial planes just outboard of the bearing pads, and the two at each journal are
spaced 90 ° apart so that their outputs can be fed into the x-y inputs of an oscilloscope to provide
an image of shaft motion. Figure V-38 shows a group of shaft orbits as observed during a recent
test run. Speed is shown in the upper right corner of each frame in hundreds of rpm. Fig-
ure V-38(a) shows stable rotation with little or no eccentricity. Figure V-38(b) shows an ellipti-
cal orbit with a major axis of 0.001 inch. This was observed as the shaft accelerated through
one of the critical speeds. Figure V-38(c) is a near-circular orbit indicating simple eccentricity
with a diameter of 0. 0005 inch.
The taped record of an acceleration was used to prepare a plot of the shaft motion as a
function of speed. Figure V-39 shows maximum shaft center displacement plotted against rota-
tive speed. Five distinct peaks were measured with two of these corresponding to the first and
second critical speeds calculated with the high spring rate of the gas film in series with the hard
mount. Two additional peaks at lower speeds may be attributed to the low spring rate of the
diaphragm mount and gas film. There are, therefore, four distinct rigid body criticals corre-
sponding to the translatory and conical modes with the hard- and soft-mount spring rates. The
reason for the fifth peak is not clear, but it appears to be a test rig resonance. There is very
little shaft displacement as the rotative speed increased from about 16 000 rpm to the design
speed of 38 500 rpm. The third or bending critical occurs at 56 000 rpm, well above the design
speed.
The main observations made to date are that the first and second criticals occur well below
the design speed and that the very small shaft displacement obtained near design speed should
not cause any trouble in sustained design operation. High-temperature and long-term operations
have not yet been attempted. During all operations to date, however, the bearings have operated
satisfactorily and, on one occasion, a valve malfunction caused a rapid deceleration from 80 per-
cent speed to zero through the compressor surge region of operation. The bearings, pressurized
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atthe time, maintained running clearances and suffered no apparent damage.
HEAT TRANSFER COMPONENTS
The discussion of the Brayton components associated with the transfer of heat is divided into
two parts. The first part will discuss the recuperator and heat rejection system whereas the
second part will cover the heat source component. The three sources discussed include solar,
radioisotope, and nuclear reactor.
Recuperator and Heat Rejection
It has been mentioned that, for the Brayton cycle, a recuperator with high effectiveness and
low pressure drop is needed. Fortunately, the technology in heat exchangers is far enough
advanced that such high performance heat exchangers are not a special problem. Presently a
recuperator is being fabricated for use with argon and designed to give an effectiveness of 90 per-
cent and a pressure drop of about 2 percent. The core geometry is of the counterflow, plate-fin
type, and the core performance has been validated by tests on air.
The heat rejection subsystem shown in figure V-2 consists of a liquid loop coupled to the gas
loop by a heat exchanger. Cooling the gas in the radiator, without a liquid loop, was also con-
sidered. It was found that the extra gas pressure drop would cause a drop in output greater than
the power needed to pump the liquid, and that the gas radiator would be heavier despite the
elimination of the temperature drop in the heat exchanger.
Also, any changes in the gas radiator would tend to change the gas pressure drop and directly
affect system output, thereby making conversion system performance quite dependent on radiator
location and configuration. With the liquid loop, however, the radiator shape and location could
be changed to meet different vehicle integration constraints without affecting conversion system
performance.
The only apparent disadvantage of the liquid loop is that it adds complexity to the system and
would tend to reduce reliability. Generally, however, a liquid cooling loop is needed to cool other
components, such as the alternator and electric components, and adoption of a liquid loop for the
main heat rejection system means only an enlargement of the loop rather than an incorporation of
additional components.
Therefore, it appears to be preferable to use the liquid loop rather than the gas radiator.
Heat Sou rces
The Brayton cycle can be used with any energy source that can provide heat at the proper
temperature. For space applications, the energy sources of principal interest are the Sun,
radioisotopes, and nuclear reactors. Each has its advantages and disadvantages, and these
factors vary in importance with the application. The nuclear sources are compact and require no
special orientation, but they are hazardous. The solar heat sources do not have the hazards that
the nuclear ones do and require less technology advancement to make a usable system. However,
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they require orientation, special means to operate during shadow periods, and large areas to
intercept the solar flux.
Solar heat source. - Figure V-40 shows a conceptual picture of a solar Brayton cycle system.
The large concentrator or mirror focuses the sunlight into a receiver, in which the energy is
transferred to the cycle gas. The conversion equipment is clustered around the receiver. The
large, squat cylinder is the radiator and, in this concept, the concentrator could be stowed within
it during launch.
To provide heat to a Brayton cycle furnishing 5 to 10 kilowatts of power, a concentrator 20
to 30 feet in diameter is required. In order to heat the cycle gas to 2000 ° R, the mirror surface
accuracy required for high collection efficiency is moderate. To explore the problems of building
a concentrator for the Brayton cycle, a prototype 20-foot-diameter unit is now being made. The
approach in this program was to use conventional manufacturing techniques as much as possible
and to avoid leaving residual stresses in the material to minimize changes in shape that might
occur because of relief of stresses with time.
The concentrator consists of 12 magnesium sectors bolted together. A sector is seen at one
step of the processing in figure V-41. The process is as follows: 1-inch-thick flat magnesium
plates are polished on one side. Pockets are then machined into the back, leaving a ribbed
structure that provides stiffening. These flat, machined sectors are placed on an accurately
machined aluminum form, as in figure V-41. The form and sector are then heated and the load is
applied to the sector, first mechanically by clamps (some of which are shown in fig. 41) and then
by vacuum ports in the form. The sector is held at about 550 ° F under load for about 1 hour, and
it deforms plastically and takes the shape of the form. The edges are machined to final dimen-
sions and bolt holes are drilled.
An assembly is shown in figures V-42 and V-43, in which can be seen the ribbed back side
and polished front. The polished magnesium surface is smooth but not shiny. The sectors are
now being coated to make them mirrorlike. An epoxy layer is applied to the magnesium to give
a glasslike surface on which the actual reflecting surface of aluminum is vacuum deposited.
The weight of this prototype is 1 pound per square foot. The geometric accuracy of this
concentrator has not been fully evaluated yet, but preliminary measurements are encouraging.
The other solar heat source component is the receiver, which captures the concentrated
solar energy and transfers it to the cycle gas. To provide the capability for power generation in
the dark, some of the captured energy is stored in the receiver. The storage and release of this
energy are accomplished by melting and freezing a material with a high heat of fusion, such as
lithium fluoride.
Several different requirements must be met in the design of a receiver if it is to perform all
its functions satisfactorily. The heat transfer into the cycle gas, the solar input, and the stored
heat must be properly matched with respect to time as well as location. This can be accom-
plished only if the distribution of the fluoride is properly controlled. The distribution must be
controlled in such a fashion that it is the same in zero g (for the ultimate use) and in 1 g (for
meaningful ground testing). This distribution problem is difficult and crucial because lithium
fluoride contracts 24 percent when it freezes. Therefore, the receiver must be designed to
accommodate this contraction and expansion of fluoride. It is important to control the location of
the fluoride, not only to provide the proper distribution of the stored heat but also to avoid the
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dangerof rupturingthe containerwhen the fluoride melts and expands. The receiver must also
be able to tolerate the repeated temperature transients and accompanying thermal stresses as it
passes through the many Sun-shade cycles.
A program to build a receiver using the concept shown in figure V-44 is now in its early
phases. The gas enters the header at the bottom, is heated as it passes through the array of
tubes, and exits at the top. The solar energy enters through the aperture and shines on the
tube s.
A cutaway of a portion of one of the tubes is shown in figure V-45. The gas passes through
the central tube, and rosette fins inside the tube improve the heat transfer to the gas. A
bellows-type tube surrounds the gas tube, and the fluoride is contained within it. Clearance is
provided between the bottom of each convolution and the central tube. The type of freezing
pattern expected is also shown. The contours indicate the freeze line at different times. When
the fluoride is completely melted, it fills the bellows. When the receiver enters the shade
period, the gas will cool the fluoride. The first freezing will occur on the surface of the inner
tube, and the solid will form a seal at the bottom of each convolution. Freezing will then
progress in sealed compartments and, when fully frozen, each compartment will have a void.
Without the sealing, liquid from one compartment could flow into voids in other compartments
and overfill them. On melting, the overfilled compartment would rupture. It is hoped that this
compartmentalizing will control the fluoride distribution, and the bellows geometry will ease
thermal stresses and provide a finning effect to reduce hot spots. Work is now being initiated to
evaluate this concept.
Radioisotope heat source. - Figure V-46 shows a possible future space station with a radio-
isotope Brayton cycle power supply. The radioisotope fuel is located in the two small rectangles
at the far end of the vehicle. Two Brayton conversion units behind them furnish a total of
13 kilowatts. The radiator is in the vehicle skin. The system is very compact and requires no
special orientation.
It was pointed out in Paper IV that the availability of attractive isotopes is limited. There-
fore, the Brayton cycle with its high efficiency is attracting considerable attention for use with
radioisotopes. Power outputs up to 10 or 15 kilowatts can be foreseen for radioisotope Brayton
systems.
The present effort on radioisotope heat sources for use with a Brayton cycle consists pri-
marily of studies. A fully acceptable design has not yet been evolved, but the effort is progress-
ing in that direction. Figure V-47 schematically illustrates the basic elements that are felt to be
required in a radioisotope Brayton system. The heat source contains the radioisotope fuel and
radiates heat to a heat exchanger in the conversion system. This heat exchange by radiation
allows independent handling, replacement, and disposal of the heat source.
A shield protects the crew or payload. One of the principal problems is that of hazard, not
only prior and during actual use, but even after use; that is, how is the spent heat source to be
disposed of ? The best means of disposal appears now to be intact reentry from orbit and
recovery on Earth. A reentry body for disposal is shown attached to the heat source (fig. V-47).
A door is shown as a means of cooling the fuel block by radiation in the event the conversion
system fails and no longer draws heat. Such auxiliary means of cooling will also be necessary
for shorter lived isotopes, which release excess power early in life. Heat sink material that
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may be needed to prevent melting of the heat source in certain accidents such as a fire on the
launch pad is also shown in figure V-47.
These then are the basic elements that now appear to be required, and studies are con-
tinuing to define these elements more fully.
Reactor heat source. - Figure V-48 shows a possible configuration for a 150-kilowatt nuclear
reactor Brayton system. The reactor, shield, radiator, and redundant Brayton conversion equip-
ment including the turbomachinery, recuperator, and waste heat exchanger are shown. In this
concept, the reactor coolant is a liquid metal, and a liquid-metal-to-gas heat exchanger is buried
in the shield.
All reactor systems require a heavy shield, which is relatively independent of power level.
Therefore reactor systems are not of interest for powers below 20 or 30 kilowatts. As power
level increases, the reactor systems become more and more attractive and, at 100 kilowatts or
more, reactor power systems are the leading candidates.
It will be recalled, however, that the Brayton cycle requires a large radiator (typically
several times larger than a Rankine cycle). At the higher powers, integration of the Brayton
radiator into the launch vehicle envelope becomes a serious problem. Therefore, there is more
incentive with the reactor Brayton system to raise the turbine inlet temperature as high as
possible, up to the limit set by reactor technology.
The leading concern at this time is the definition of the reactor for a Brayton cycle system.
S.everal important questions must be resolved: should the reactor coolant be gas or liquid-
metal? What is a practical target for reactor operating temperature? What fuel and cladding
materials should be used ? More study is required before the picture can be clarified and the
best reactor Brayton system defined.
SYSTEM TECHNOLOGY
In a complex system such as the Brayton space power generating system, certain problems
arise due simply to the assemblage of a large amount of equipment into an integrated, coordi-
nated, functioning machine. These problems cannot be identified exclusively with any one compo-
nent but rather with the interactions among the components of the system. Thus, there is indeed
a technology associated with an assemblage of components, which is known as system technology.
System technology seeks to understand the important variables in system operation so as to
configure and control the system to an optimum performance. Of particular concern in system
technology are the establishment and maintenance of a suitable system operating point, safe and
reliable start and shutdown procedures, control of critical operating variables such as alternator
frequency, and the identification and specifications for all peripheral hardware components
necessary to perform these tasks.
Three areas of system technology for Brayton systems are discussed herein, namely,
alternator speed control, system power level control, and system start. This section is an
attempt to give the reader an insight into system technology and therefore does not cover all the
problems that may arise. It is intended, however, to be descriptive in significant system
technology study areas.
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ALTERNATORSPEEDCONTROL
Fundamentally, the speed is controlled by balancing the turbine and alternator torques at the
design speed. Practically, however, the electrical load on the alternator may not be constant
and may switch, for example, as much as full on to full off and back at any time. In order to
achieve a continuous torque balance at design speed, one of two choices must be made, as
illustrated in figure V-49. As shown in the top portion of the figure, speed control may be
achieved by controlling the total alternator load to balance at all times the power input to the
turbine. For this type of control, alternator output power, which is not consumed as useful
load, is diverted to a parasitic load and dumped overboard. In the lower portion of the figure,
speed is controlled by varying the input power to the turbine in correspondence with the electrical
power consumption by the useful load. In this method, high performance valving can be employed
to control turbine input power on an instantaneous basis, thus diverting transient excess power
away from the turbine, while a secondary control can adjust the average primary heat source
power level on a long term basis to conserve energy. For reliability, the alternator load method
is preferable since it has no moving parts and can be built from very reliable solid-state elec-
tronic or magnetic elements. It can be seen, however, that unused power from the alternator
is wasted. This wasted power is of no consequence if the primary heat source is either infinite
energy, such as a solar source, or continual decay, such as an isotope heated source. If, how-
ever, the energy source is finite and conservable (e. g., a nuclear reactor), a control responsive
to load demand like the turbine input method would be desirable.
As part of the Brayton technology program at Lewis, an alternator load-type speed control
was built and tested using solid-state current switching. Figure V-50 shows the experimental
transient response of this speed control on a turboalternator. The useful load was switched
from full off to full on and then, a few moments later, back to full off. The transient is the most
severe that the speed control must accommodate. In the lower trace, it can be seen that, for
both load changes, the maximum transient error in frequency was very small, in this case less
than 1.5 percent of design frequency of 400 cps and lasting about 0.5 second. The final steady-
state error is less than 1 percent. Thus, the alternator load-type speed control is able to main-
tain speed adequately within close tolerance limits.
The speed control, in effect, matches the alternator power to the turbine power. Matching
the system power to the heat source power is now considered.
i
POWERLEVEL CONTROL
It has been pointed out that control of Brayton system power level is important in order to
efficiently convert the power available from the prime heat source to electrical output. The
motivation for this control is somewhat different depending on the particular heat source used,
that is, isotope, solar, or reactor. The peculiarities of each of these heat sources are shown
in figure V-51. For the isotope, the power level decays exponentially with time typical of
isotope behavior. For the solar source, the available power oscillates between zero and some
maximum as the system orbits the Earth and passes through the Earth's shadow. In the solar
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system, a heat storage device, the receiver, which is discussed in the Solar Heat Source
section, is introduced between the solar source and the conversion system in order to average
out the power over the Sun-shade cycles. It is also expected that, over the system lifetime, the
net solar input to the system may degrade, because of concentrator surface deterioration, for
example.
The reactor is directly controllable in power level; however, it is energy limited and, as
figure 51 shows, it may be operated either at a design power level for a fixed period of time or
at a reduced power level for a longer period of time.
Before power level matching with these three power sources is discussed, it is necessary
first to examine a characteristic that is peculiar to the solar energy source and is due to the
requirement for a heat storage device. Figure V-52 illustrates the system behavior for the case
where there is a deficit of solar input energy; that is, there is less solar energy per orbit than
the system consumes at rated power. Since the receiver (or absorber) concept is to store heat
as heat of fusion, the temperature of the storage material will remain constant only as long as
the material stays between a fully melted and a fully frozen condition. Where a solar input
energy deficit exists, however, the heat storage material will become fully frozen before the end
of the shade period and will enter the sensible heat region where the temperature drops rapidly.
As a result, the absorber outlet temperature, or turbine inlet temperature, begins to fall and
will continue to drop until the sytem reenters the sunlight.
This drop in turbine inlet temperature, with consequent reduction in cycle efficiency, re-
sults in a drop in alternator output power, as shown in figure V-52, with a minimum occurring
at the end of the shade period. Because of the aforementioned effects, the drop in alternator
output with the solar system is more severe than that for the other energy sources, as can be
seen in figure V-53.
The solar curve shows that, for a 10 percent decrease in solar input, the alternator output
power drops to about 65 percent of rated output at the end of the shade period (fig. V-52). This
is obviously an undesirable situation.
For the isotope curve, the alternator power does not drop linearly with source power but
has a curvature upward. This trend results from variations in cycle efficiency caused by the
combined effects of increasing heat transfer component effectiveness and decreasing turbine
inlet temperature as source power decreases, as well as by changes in turbomachinery perform-
ance as their operating point changes.
The reactor system does not show any deviation since the power level of the reactor can be
independently controlled. However, as mentioned in the alternator speed control section, it
would be desirable to be able to efficiently throttle back on reactor power when it is not needed
in order to extend the lifetime of the system. These three curves (fig. V-53) indicate that some
means of controlling system power level would be highly desirable.
Analog computer system studies were undertaken to determine the most effective control for
this purpose. The dashed curve in figure V-53 shows the benefits resulting from the use of a
system pressure level control to match the system power demand to the available heat source
power. Relative system pressure level is shown as a parameter along the curve. Through the
use of such a pressure control, a 20 percent decrease in heat source power can be accommodated
with a decrease in alternator power of less than 10 percent. For the solar source, the use of a
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systempressure level control results in maintainingthereceiver in theheatof fusionregionat
all times. For the isotopesource, it is a meansof maintainingturbine inlet temperatureas
powerdegrades,thusmaintaininghighcycleefficiency. For the reactor, it is a meansof effi-
ciently reducingpowerdemandin order to extendoperatingtime.
Whilefigure V-53showsdatafor a two-shaftBraytonsystem,preliminary investigationsof a
one-shaftconfigurationhaveshowna similar benefitfrom pressurecontrol. Thus, Lewiscom-
puter studieshaveshownthat systempressurecontrolis aneffectivemeansof matchingthe
Braytonconversionsystemto thepowersource.
Onthebasisof the results of analogstudies, it hasbeenconcludedthatthere is no fundamen-
tal reasonthatwill preventadequatecontrol of the Braytonpowersystem. However,work on
systemhardwareis just gettingunderway,andproblemsmaystill arise.
SYSTEM START
The final item of system technology to be discussed is system start. The method of start is,
of course, dependent on the particular system configuration. For a two-shaft Brayton system,
various start procedures have been studied using an analog computer dynamic system simulation.
The start method finally chosen utilized an injection of the cycle gas through the turbine into the
evacuated system to bring the turbocompressor up to speed. This method requires some periph-
eral equipment shown in figure V-54. In this figure, the solar Brayton configuration is illustrated
as an example, and the peripheral components are indicated by the numbers: (1) A primary heat
source control, to start the system, is given the command to bring the source to working temper-
ature. (2) The alternator field must be externally powered during start to ensure that electrical
power wilI immediately be available to control speed. (3) The application of jacking gas to lift off
the gas bearing occurs next for the turboalternator and turbocompressor. The bearings are
operated hydrostatically until the rotating units are up to speed; (4) The gas bottle and injection
valve, the isolation valve to prevent back flow during gas injection, and the exhaust valve used
to evacuate the system are shown.
Various start procedures have been studied, including various injection flow rates and with
and without the system exhaust valve open. These studies show that, because of the volume of
the heat exchanger components, the system can be started successfully at 20 percent of rated
flow with the exhaust to space valve closed. This particular start procedure is shown in fig-
ure V-55. Note the expanded insert on the time axis for a 1 minute period during the start. Time
zero is taken, using the solar Brayton system as an example, as the moment the system enters
the sunlight.
The step by step sequence is as follows: once in orbit, the system is given the command to
bring the primary heat source up to temperature, in this case, to bring the absorber melt quality
to 1.0 as shown by the top trace. After an appropriate period of time, injection of gas inventory
into the system is begun, as shown by the second trace. The isolation valve is closed at this
time to prevent backflow of the injected gas. The gas exits from the absorber and enters the
turbine at rated temperature, bringing the turbocompressor up to speed in about 15 seconds. At
some point in the turbocompressor speedup, the compressor discharge pressure exceeds the
injection pressure downstream of the isolation valve, and the valve is driven full open. The
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compressor flow then adds to the injection flow, and the system bootstraps itself up to rated
conditions. The turboalternator speedup follows the turbocompressor speedup with the speed
control taking over when the alternator reaches rated frequency. The turboalternator power
overshoots, however, for about the first 30 minutes of operation because of initially cold radia-
tor and, therefore, higher cycle efficiency.
The single-shaft Brayton system may be also started in the manner just described. In
addition, however, it may be possible to start the single-shaft system by running the alternator
as a motor on an inverter from battery power. This start scheme has not been fully studied as
yet.
As part of the Lewis in-house study of Brayton systems, a breadboard loop has been built
into which the turbocompressor discussed herein has been placed. Progress in this program
has been made to a point where the system has been started through closed-loop injection several
times. One such time history of a start sequence is presented in figure V-56. At the 2-second
point, the injection valve was opened, forcing the gas through the heater and turbine and spin-
ning it up rapidly to over 17 000 rpm. At the 4-second point, the isolation valve was opened,
permitting the gas to circulate through the loop. The temperature level into the turbine had
risen to 1100 ° R in the meantime. This temperature is insufficient for self-sustained operation
so the speed is noted to drift off. However, the inlet temperature continued to rise as rig parts
approached equilibrium temperatures and, at the 50-second point, it had risen to 1250 ° R where
it was sufficient for development of net work from the system. From this point on, the turbo-
compressor proceeded to accelerate in a self-sustained manner up to equilibrium speed. The
equilibrium speed ultimately reached was approximately 25 000 rpm. These results are very
encouraging, and it appears that the start of a Brayton system should be a rather straightforward
process with the prospect of closed-loop starting being reasonably good.
CONCLUDING REMARKS
From the Brayton technology discussion it is evident that this type power system embodies a
wide variety of technology areas. Although all cannot be summarized, some of the major points
brought out can be reviewed.
1. From the cycle discussion, it was indicated that relatively large radiator areas are
required. This factor, together with the high potential cycle efficiency, results in the principal
emphasis being placed on low and intermediate power level applications where cycle performance
dominates. Also it was indicated that working fluid pressure levels and the use of inert gas of
varying molecular weights are extremely valuable tools in the selection of optimum component
geometry for a given application.
2. From the component investigations to date, it can be concluded that acceptable perform-
ance can be obtained, particularly with respect to the most critical turbomachinery involved. The
gas bearing program has indicated that they work stably and with acceptable loss. From the
packaging program, control of the internal thermal conditions appears to be of major concern.
3. The system studies have indicated that control of pressure level through inventory modula-
tions is an extremely valuable tool in the control of power output. Starting studies have also
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indicated that this aspect of operation should be relatively straightforward.
It should be emphasized that there is still much ground to cover before the assessment of the
Brayton system is complete. The package program, for example, has not progressed to a point
where major conclusions regarding mechanical integrity and life can be drawn. The study of
magnetic unbalance in the alternator component and its effect on gas bearing design and operation
has only begun. It was also indicated herein that much progress must still be made in the area
of the heat sources. Thus, it is evident that, although substantial advances have been made and
results obtained to date are encouraging, considerable effort is still required before ultimate
conclusions can be recorded regarding the Brayton cycle for space power.
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VI. SNAP-8 DEVELOPMENTSTATUS
Henry O. Slone
N67 10267
INTRODUCTION
The SNA1)-8 is a turboelectric nuclear space power system using a mercury Rankine cycle.
It is being developed jointly by the NASA and the AEC to produce a minimum electrical power of
35 kilowatts, to have high reliability, and to be capable of unattended full-power operation for
10 000 hours.
The SNA1)-8 electrical generating system comprises three major subsystems, as shown in
figure VI-I: a nuclear system consisting of a reactor, reactor controls, and a shield; a power
conversion system consisting of a boiler, a turbine-alternator assembly, mercury- and sodium-
potassium-pump-motor assemblies, a condenser, and the necessary electrical controls, piping,
and structure; and a flight radiator assembly consisting of radiator heat exchangers required to
remove heat from the liquid cooling loops and reject it to space. As indicated, Atomics Interna-
tional under AEC contract is responsible for developing the nuclear system, and Aerojet-General
under NASA contract is responsible for developing the power conversion system. Since SNA1)-8
is not being designed for a specific space mission at this time, the development of the flight ra-
diator assembly and flight shielding is not a part of the current SNAP-8 program. The prime ob-
jective of the SNAP-8 development effort at this time is to develop SNA1)-8 components and sub-
systems and system technology to the point at which the major system performance and develop-
ment uncertainties are understood and resolved.
The NASA Lewis Research Center has project management responsibilities for the develop-
ment of the power conversion system and for the integration of the nuclear system and the power
conversion system. In addition, Lewis is engaged in experimental and analytical programs which
are an integral part of the SNA1)-8 development program. The project management responsibili-
ties for the nuclear system are within the AEC Space Nuclear Systems Division.
This paper discusses the current status of the technical development of the SNAP-8 reactor
and the power conversion system. Both technical accomplishments and difficulties are included.
SNAP-8 SYSTEM DESCRIPTION
The SNAP-8 program was started by NASA and AEC in 1960. The initial design, based on
the technology existing at that time, included two loops and a direct-condensing radiator. After a
thorough technical evaluation by NASA, the AEC, and their respective contractors in late 1962,
the SNA1)-8 system was redesigned in January 1963 in order to separate and to simplify the devel-
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opment problems being experienced. The resulting four-loop concept is shown in figure VI-2.
Also shown in figure VI-2 are typical temperatures, pressures, and flow rates required to pro-
duce a minimum net electrical power of 35 kilowatts. The systems operate as follows.
A liquid sodium-potassium alloy (NaK 78) flowing at about 46 000 pounds per hour is used in
the primary loop to transfer heat from the reactor to the boiler; the alloy enters the boiler at
about 1300 o F. Mercury is used as the Rankine cycle working fluid in the second loop, wherein
thermal energy is converted to mechanical energy. The mercury, flowing at about 11 600 pounds
per hour, is boiled and superheated in the boiler. The superheated mercury vapor enters the
turbine at 1250 ° F and 265 pounds per square inch absolute, is expanded through the turbine, con-
densed, and pumped back to the boiler. The turbine drives the alternator and thus provides the
desired electrical power. All the pumps are motor driven, and they are powered by the alterna-
tor. A third loop, the heat-rejection loop, uses NaK to transport waste heat from the mercury
condenser to a radiator from which it is rejected to space. The fourth loop in the SNAP-8 sys-
tem, the lubricant-coolant loop, uses an organic fluid, a mixture of polyphenol ethers, at about
210 ° F to cool the pump motors, the alternator, the space seals in the turbine-alternator assem-
bly and the mercury pump, and the electrical controls; this loop also lubricates the turbine-
alternator and mercury pump bearings. The heat from this fluid is disposed of through a separate
space radiator. As mentioned previously, development of the radiators is not part of the current
development program.
The SNAP-8 electrical controls, not shown in figure VI-2, can be divided into two areas: the
start system and those components that operate for 10 000 hours. The start system includes a
28-volt chemical battery, a start programer, and an inverter which provides alternating-current
starting power to the pump motors. The 10 000-hour electrical components, which are hermeti-
cally sealed, include a voltage regulator, a speed controller, and a parasitic load resistor. The
SNAP-8 control system is based on constant-power-level operation independent of the electrical
load supplied to the space vehicle. The parasitic load resistor, located in the heat-rejection
loop, is capable of absorbing the entire net electrical output of the power conversion system.
Much progress has been made in the SNAP-8 program since January 1963. All the compo-
nents and subsystems which comprise the SNAP-8 system have undergone testing. In February
1966, the first power conversion system went on test, and it has operated for over 400 hours to
date. During operation of this system, 35-kilowatt net electrical power was delivered to a dummy
space vehicle load. Thus, the SNAP-8 program has finished its preliminary phases and is now
ready for intensive performance and endurance tests.
In the following sections all the major components shown in figure VI-2, are described and
their test results discussed. In addition, there is a discussion of the mercury loop containment
material, 9-percent chromium - 1-percent-molybdenum (9 Cr - 1 Mo) steel, since mercury cor-
rosion is considered to be a potential problem for 10 000-hour operation.
Reactor
The SNAP-8 reactor, shown in figure VI-3, is designed to produce 600 kilowatts of thermal
power at a NaK coolant outlet temperature of 1300 ° F for 10 000 hours. This compactly designed
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reactor utilizes hydrided zirconium-uranium fuel-moderator rods clad with Hastelloy N. There
are 211 fuel elements in the reactor core vessel. The reactor is controlled by movable berylli-
um reflector control drums, which by their position control the amount of neutron leakage. There
are a total of six beryllium control drums, three of which are used during startup and three of
which are used for long-term control. Each control drum has its own drive mechanism.
The overall reactor dimensions are a diameter of about 27 inches and a height of about
30 inches; the reactor weight is about 600 pounds.
The SNAP-8 experimental reactor (SSER), which was developed to demonstrate and measure
performance of the reactor core at design conditions of 600 kilowatts of thermal power and a
1300 ° F NaK coolant outlet temperature, went on test in May 1963. Figure VI-4 shows the SSER
reactor core, control drum assembly, and test shield being lowered into the test facility contain-
ment vessel.
The reactor went critical in May 1963, and testing continued until April 15, 1965. The energy
output during this period was 5 154 332 kilowatt-hours out of a possible design output of 6 000 000
kilowatt-hours. A total of 11 990 hours of operating time was accumulated, of which 8800 hours
were at the design temperature of 1300 ° F and thermal powers between 400 and 600 kilowatts
(table VI-1). The remaining operating hours were obtained at lower NaK outlet temperatures
and/or thermal powers less than 400 kilowatts. The longest continuous run was about 5000 hours,
and about 2400 hours were accumulated at 600 kilowatts and 1300 ° F.
The results of the S8ER test program were generally satisfactory; and they showed that the
reactor core had sustained power operation capability. However, upon disassembly of the core,
it was discovered that about 80 percent of the 211 fuel elements had cladding cracks. A critical
technical evaluation of the fuel-element cracking has been completed, and corrections will be
made in the design of the next reactor, which will be mated with a power conversion system.
Boiler
The SNAP-8 mercury boiler is the interface between the nuclear and nonnuclear systems and
is subject to the most significant perturbation that occurs in operation, a variation in NaK inlet
temperature as the nuclear reactor responds to its temperature control system. The boiler must
continually maintain vapor superheat, an acceptable fluid inventory variation, and minimal outlet
pressure fluctuations over a 50 ° F band of NaK inlet temperature.
The boiler, shown in figure VI-5, is a second-generation design. The boiler is a single-pass
counter flow tube-in-tube heat exchanger wound into a helix with a protruding inlet and outlet. The
mercury flows through seven parallel 0. 652-inch-inside-diameter tubes 30 feet long. The NaK
flows, in the opposite direction, through the annulus passage between the mercury tubes and the
outside tubular shell which has an outside diameter of 4.25 inches. Spacers are used to center
the seven mercury tubes in the NaK annulus. The mercury tubes are made of 9 Cr - 1 Mo steel,
and the shell is made of type 321 stainless steel. The boiler weight, including the mercury and
NaK inventories, is about 480 pounds.
Boiler operation is shown schematically in figure VI-6. Here the NaK and mercury tempera-
ture profiles are plotted against boiler length. Also shown in figure VI-6 is a cross section of a
149
mercury tube. An inlet plug is inserted into each of the seven mercury tubes. The inlet plug is a
solid rod spaced from the inside of the tube by a wire spring forming a spiral flow path for the
mercury. This insert continues through the boiler tube for about 5 feet. Downstream of the plug,
the spiral flow is maintained by another wire spring (spring turbulator) that is wound at a larger
pitch to reduce the pressure drop. The inlet plug is inserted to increase the liquid-mercury and
low-quality velocity, while the spring turbulator serves to separate the high-density liquid from
the vapor, and makes boiler operation insensitive to gravitational field forces and increasing heat-
transfer rates.
Since the boiler is a once-through heat exchanger, four regions are ideally defined on the
mercury side of the boiler. The first region, called the preheat region, is where the sensible
heat is added to the liquid mercury and the mercury temperature is heated to the saturation tem-
perature which corresponds to the pressure at the liquid-vapor interface. The second region is
where the majority of evaporation occurs and is termed the boiling region. The mercury vapor
from the boiling region is superheated in the third region to a temperature approaching the NaK
temperature. The fourth region, called the excess superheat length, exists to dry the vapor, and
represents the surface area margin in the boiler design. Note that the liquid region occurs in the
plug insert, as does a portion of the boiling. On the NaK side, a minimum of heat is transferred
in the excess superheat region. There is a slight drop in NaK temperature through the superheat
region followed by a relatively steep drop through the boiling region. A final drop in NaK temper-
ature represents the sensible heat addition. Another parameter of importance in defining boiler
performance is the "pinch point AT, " which is the temperature difference between the NaK and
the mercury at the boiling or liquid-vapor interface. As the pinch point AT approaches 0° F,
little or no heat is transferred, and test data have shown undesirable variations in boiler pressure
and an increase in liquid carryover from the boiler.
Five full-scale SNAP-8 boilers have been tested for a total accumulated operating time of
over 3600 hours. In addition, over 6000 hours have been accumulated on subscale SNAP-8 single-
tube boilers. During this testing a phenomenon termed boiler "conditioning" has been observed.
The term "conditioning" is defined as a time-dependent change in boiler performance. Three
modes or regimes of boiler conditioning have been observed. These are (1) fully conditioned op-
eration as typified by the NaK temperature profile shown in figure VI-6, (2) partially conditioned
operation, and (3) deconditioned operation.
Figure VI-7 illustrates the three conditioning regimes obtained during a particular test of a
SNAP-8 boiler. Temperature of NaK is plotted against boiler length. The NaK temperature pro-
file is used to determine the conditioning regime, because the derivative of the profile (tempera-
ture plotted against length) is proportional to the heat flux. After 35 hours of boiler operation,
the lower NaK temperature profile indicates the deconditioned operation. The extended fiat por-
tion in the first 15 feet of the boiler represents a region of low heat flux. With continued opera-
tion, note that the local heat-transfer rates increase, as shown by the increase in the slope of the
profile. Also, the region of excess superheat length becomes apparent. Finally, after 51 hours
of boiler operation, the fully conditioned NaK temperature profile obtained. Continued operation
results in no further improvement in performance. The amount of time required to fully condition
a boiler has varied from a few hours to a few hundred hours.
The curves shown in figure VI-7 indicate the effects of conditioning on boiler performance.
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Other performance parameters found sensitive to conditioning are boiler outlet pressure stability,
boiler exit temperature, and boiler pressure drop. For example, a deconditioned boiler shows
outlet pressure fluctuations of ±10 percent compared to pressure fluctuations of _2 percent in a
conditioned boiler.
Thus far, boiler conditioning h_s been defined and its effec, on the boiler has been noted.
Two logical questions are
(1) What causes this phenomenon?
(2) What can be done to minimize its effect?
Dr. L. Rosenblum of the Lewis Research Center has demonstrated that small amounts of oil
contamination on an otherwise clean surface can prevent mercury droplets from wetting the sur-
face. Tests at Aerojet-General have verified that oil contamination of forced-convection mercury
boilers can cause boiler deconditioning. Boilers can be contaminated because of oil exposure dur-
ing fabrication and/or installation in a test loop, or because of turbine and mercury pump ball-
bearing lubricant entering into the mercury during abnormal system operation.
Thus far, three methods have been successfully employed to obtain fully conditioned boilers.
These are (1) the chemical cleaning of the boiler prior to operation, (2) continued operation or
'Twear-in" of the boiler such as illustrated in figure VI-7, and (3) the use of the additive rubidium
in the mercury. All boilers tested were fully conditioned by one of these methods. In addition,
once a boiler was fully conditioned, it did not decondition during continued operation.
The boiler tests have shown that the boiler can meet SNAP-8 system requirements and that
the conditioning problem is not limiting. However, in order to understand, minimize, or, hope-
fully, eliminate the conditioning phenomenon, heat-transfer and materials programs have been re-
cently initiated.
Condenser
The SNAP-8 condenser, shown in figure VI-8, is a NaK-cooled tube-in-shell counterflow heat
exchanger in which the mercury vapor discharging from the turbine is condensed and subcooled.
The mercury flows axially through 72 tubes with inside diameters tapered from 0.44 to 0.20 inch,
while the NaK flows through the tapered shell in the opposite direction to the mercury. The tubes
and shell are tapered to maintain vapor velocity and provide a continual movement of condensate
to the liquid-vapor interface in zero-gravity operation by the drag of the vapor on the condensate
droplets. The overall length of the condenser is about 61 inches, and its wet weight is 120 pounds.
The tubing and headers are made of 9 Cr - 1 Mo steel, and the shell is made of type 410 stainless
steel. Since the thermal expansion coefficients of both materials are compatible, the thermal
stresses between tubes and shell are minimized, and fixed header design is possible.
The operational requirements of the condenser in the SNAP-8 system are threefold:
(1) To provide a back pressure (condensing pressure) on the turbine commensurate with
system power requirements
(2) To provide subcooling to assure adequate net positive suction head to the mercury pump
(3) To provide mercury inventory storage capacity to make up for space-seal leakage from
the turbine-alternator assembly and the mercury-pump - motor assembly
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(The space seal is discussed later.)
Over 3600 test hours have been accumulated on three SNAP-8 condensers, and the test re -
sults have been very satisfactory. A typical NaK and mercury temperature profile plotted against
condenser tube length is shown in figure VI-9 for a particular test condition. The mercury tem-
perature profile was calculated; the NaK profile was measured. The NaK enters from the right,
and the initial relatively flat slope moving from right to left represents the subcooling area of the
condenser with relatively low heat-transfer rates. The steep gradient represents the high-heat-
transfer-rate area characteristic of condensing. The flat portion of the profile at the left repre-
sents an area of no heat transfer. The tube schematic indicates the relative tube lengths for the
saturated mercury vapor, the mercury condensate, and liquid mercury.
Data obtained from single tapered tube condensing experiments conducted at the Lewis Re-
search Center were used in the design of the SNAP-8 multitube condenser.
In testing to date, the performance of the condenser has been good, and it has met all its op-
erational requirements.
Turbine-Alternator Assembly
The heart of the SNAP-8 power conversion system is the turbine-alternator assembly. A
simple schematic of the turbine-alternator assembly is shown in figure VI-10, and a photograph
of the actual assembly in the clean room at Aerojet-General is shown in figure VI-11 to give some
idea of its size.
Two major assemblies comprise the turbine-alternator assembly: a turbine assembly and an
alternator assembly. The two assemblies are bolted together with the turbine rotor shaft directly
coupled to the alternator rotor by means of a splined quill. Both the turbine and the alternator
assembly use conventional design ball bearings which are lubricated by polyphenol ether.
The turbine assembly, which is cantilevered, is a four-stage impulse turbine with the first
two stages operating with partial admission and the last two stages with full admission.
The alternator, supplied by General Electric, is a four-pole, brushless, radial-air-gap,
homopolar-inductor machine. There are no rotating windings, the rotor being a one-piece steel
forging mounted on ball bearings. A cooling jacket surrounds the electrical windings.
To prevent intermixing of the turbine working fluid (mercury) and the bearing lubricant (poly-
phenol ether), a low-leakage seal to space was designed and developed. Intercontamination of the
two fluids is avoided by venting a section of the shaft to space and permitting limited leakage of
mercury and polyphenol ether to space. Leakage rates are controlled by creating a liquid-vapor
interface in each seal, through which liquid cannot pass. The interfaces are established by a
screw pump on the mercury side and a disk slinger on the polyphenol ether side. Loss of vapors
emanating from the liquid-vapor interfaces is further restricted by molecular screw pumps on
each side. In the mercury seal, a heat exchanger built into the housing serves the dual function
of cooling the liquid-vapor interface and assuring that mercury condensate, instead of vapor,
fills the adjacent seal section.
The turbine design conditions are output, 63 kilowatts; efficiency, 60 percent; speed,
12 000 rpm. The alternator design conditions are output, 80 kilovolt-ampere at a power factor of
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0.75; efficiency_87percent; frequency,400cps. Theturbineassemblyweighs about 151 pounds,
and the alternator weight is about 430 pounds.
The first turbine-alternator assembly went on test in a mercury test loop in November 1964.
Since then, four other units have been operated. Figure VI-12 shows a performance comparison
of the first four turbine assemblies tested to date. Also shown in figure VI-12 are the accumu-
lated test hours obtained for each turbine-alternator assembly and the number of starts made on
each unit.
Tests on turbine-alternator assembly 1 were terminated after 820 hours of operation because
of a mechanical failure which occurred when a locking device from the floating shaft seals escaped
from its location. Posttest examination indicated a number of other mechanical deficiencies and
a materials problem. The cobalt base material Stellite 6B, chosen as the turbine wheel and dia-
phragm material because of its excellent mercury erosion resistance, went through a metallurgi-
cal transformation which caused extreme reduction in ductility and increased notch sensitivity.
Subsequent turbines that went on test were modified in varying degrees to correct for the
minor difficulties encountered in turbine-alternator assembly 1. Also, some design changes were
made to accommodate the notch sensitivity of Stellite 6B. About 400 hours of test time were ac-
cumulated on turbine-alternator assemblies 2, 3, and 4, and although some mechanical problems
were encountered with these units, no testing was terminated because of a turbine failure as in
the case of turbine-alternator assembly 1.
As indicated, none of the turbines met the design efficiency goal of 60 percent. The varia-
tions in efficiency among the four units are due mainly to interstage leakages and the fact that the
first-stage nozzle areas were different for each unit. The performance degradation shown for
turbine-alternator assembly 2 was due to a movement of the first-stage nozzle block insert that
effectively increased the nozzle area, which caused a loss in efficiency. At present, a new tur-
bine aerodynamic and mechanical design is under way in order to improve the performance and
mechanical integrity of the turbine assembly. It is anticipated that these improvements will allow
the turbine efficiency to approach the design level of 60 percent. The new turbine will be avail-
able for testing early in 1967.
Four alternators have been tested, and a performance map of alternator capability has been
generated. Some results of the alternator tests are shown in figure VI-13. Alternator efficiency
is plotted against power at the alternator terminals for three power factors. The data show an
alternator efficiency of about 87.8 percent at the design power factor of 0.75, compared to the de-
sign efficiency of 87.0 percent. In general, no problems have been encountered with the SNAP-8
alternator.
The space-seal configuration which is used in the turbine-alternator assembly and the
mercury-pump - motor assembly are the result of a separate development effort in which exten-
sive theoretical and experimental work was done. Testing during this effort revealed that the
total leakage of mercury and polyphenol ether to space can be expected to be less than the design
goal of 10 pounds over the 10 000-hour life of the system. This is illustrated in figure VI-14,
which shows data obtained for the mercury seal operating in a simulator test rig. Mercury leak-
age in pounds per 10 000 hours is plotted against heat-exchanger coolant inlet temperature. The
data were obtained during a 1000-hour run by taking leakage samples in 1- to 20-hour runs and in
100- to 200-hour runs and extrapolating to 10 000 hours. Note the reasonably good agreement
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with the theoretical leakage curve. Also, note that the data indicate a leakage of less than 1 pound
in 10 000 hours at the design operating temperature, which is considerably less than the design
goal of 10 pounds in 10 000 hours.
Lubricant-Coolant- Pu mp - Motor Assembly
The lubricant-coolant-pump - motor assembly, provided by TRW and shown in figure VI-15,
consists of a single shaft with a straddle-mounted motor rotor and an overhung, single-stage im-
peller. The assembly is self-cooled and lubricated by the polyphenol ether which bleeds from the
pump discharge, flows through the motor and bearing area, and returns to the eye of the impeller
through the hollow shaft. The pump-motor assembly dimensions are mean diameter, about
6 inches, and length, about 12 inches. The weight is about 25 pounds.
Seven units have been built and tested and have accumulated over 7700 test hours. One unit
has accumulated over 4500 test hours. A typical test performance curve is shown in figure VI-16.
Note that the pump has exceeded its SNAP-8 design requirements and its mechanical integrity has
been demonstrated during over 7700 hours of operation.
Mercury- Pump - Motor Assembly
The mercury-pump - motor assembly, shown in figure VI-17, consists basically of a one-
piece solid shaft supported by two ball bearings mounted in a central transmission housing. The
bearings are lubricated with polyphenol ether, and mercury sealing is effected by pump seals
similar to the sealing configuration used in the turbine-alternator assembly discussed previously.
A 400-cycle, three-phase induction motor is overhung from the bearing housing at one end, and a
combination jet and centrifugal pump is overhung on the other end. The jet pump is incorporated
upstream of the centrifugal pump to provide positive suction head to the centrifugal impeller at
very-low-flow starting conditions. The pump-motor assembly dimensions are mean diameter,
about 8 inches, and length, about 2_ feet. The weight is about 150 pounds.
.d
Six units have been built, and four of these units have been tested and have accumulated about
2000 hours. A test performance curve is shown in figure VI-18. As can be seen from the curve,
the mercury-pump - motor assembly has met or exceeded SNAP-8 design requirements. In gen-
eral, no difficulties have been encountered in testing.
Sodiu m- Potassiu m- Pu mp - Motor Asse mbl ies
As discussed previously, the SNAP-8 system requires two NaK-pump - motor assemblies,
one for the primary loop and one for the heat-rejection loop. Because of the similarity of require
merits, one design is used in both loops.
The NaK-pump - motor assembly, shown in figure VI-19, is a self-contained hermetically
sealed unit. It incorporates on a single shaft a centrifugal pump, a hermetically sealed 400-cycl_
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thI"ee-phaseinductiondrive motor, an internal lubricant-coolantcirculating pump,andNaK-
lubricatedhydrodynamicbearings. Includedwith thepump-motorassembly,butnot shownin fig-
ure VI-19, are heatexchangers,a coldtrap, anda NaKfilter for the circulating NaK. Polyphenol
ether is usedasthe coolantin the heatexchanger.TheNaKlubricant-coolantcircuit is indepen-
dentof theprocesspumpingcircuit. Thepump-motorassemblydimensionsare meandiameter,
about8 inches, andlength, about1_feet. Theweightis about200pounds.
.4
A total of 10 NaK-pump - motor assemblies have been tested and have accumulated over 4000
hours of test time. One unit has operated for 3028 hours. A test performance curve is shown in
figure VI-20 for a NaK-pump - motor assembly operating at 1170 ° F, the operating temperature
of the primary loop. As shown by the curves, the NaK-pump - motor assembly meets SNAP-8 de-
sign requirements. It should be noted that the SNAP-8 NaK-pump - motor assembly design is the
first of its kind, and the results of the test program have been most satisfactory.
Mercury Containment Material
A potential problem in a mercury system is that of mercury corrosion of the containment ma-
terial. Of the current materials, low-additive iron-base alloys exhibit minimum corrosion poten-
tial in mercury. This is illustrated in figure VI-21, where the corrosion rates of an iron-base al-
loy, 9 Cr - 1 Mo steel, and a cobalt-base alloy, HS-2 5, are shown. These data were obtained at the
Lewis Research Center in refluxing mercury capsules operating at 1100 ° F. Individual capsules
fabricated from the two materials were operated for time increments of 300, 1000, 2000, and 5000
hours. After testing of each capsule was completed, it was metallurgically examined to determine
its resistance to mercury corrosion, expressed as corrosion penetration. The data curves were
then extrapolated to 10 000 hours. On the basis of these data, 9 Cr - 1 Mo steel was selected in
early 1963 as the SNAP-8 mercury containment material. The predicted penetration in 10 000
hours is about 3 to 4 mils for 9 Cr - 1 Mo and about 17 mils for HS-25. It should be noted that the
stainless steels exhibit a higher corrosion penetration than HS-25 and that the refractory metals
such as columbium and tantalum exhibit no mercury corrosion. A refractory material was not
selected for SNAP-8 in 1963 because of the difficulties encountered in handling the material.
Since the selection of 9 Cr - 1 Mo steel was made in early 1963, three subscale corrosion
loops and five boilers fabricated from 9 Cr - 1 Mo have been operated. Figure VI-22 shows the
results obtained after metallurgical examination of a first-generation-design SNAP-8 boiler which
operated for 1425 hours. The NaK temperature profile is plotted against length of one of the mer-
cury tubes in the boiler. The two profiles shown indicate the change from partial conditioning to
full conditioning with test time. Also plotted is the maximum pit depth observed in the tube wall
at various locations along the tube. The maximum depth observed was about 5 mils, which oc-
curred in the liquid section of the boiler tube. The test results from the subscale corrosion loops
indicate pit depths greater than 5 mils.
Based on the test data, the following observations are made:
(1) The maximum attack which occurs is apparently associated with the liquid-mercury sec-
tion and high-heat-flux area of the boiler tube.
(2) The attack pattern seems to depend on the conditioned state of the boiler during operation.
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(3)Itis not clear whether the pits observed in the tube wall are due to corrosion or cavitation-
erosion or both.
In summary, the current test data do not allow an accurate prediction of the lifeof 9 Cr -
1 Mo steel as a mercury containment material in the SNAP-8 system. The Lifecould be greater
or less than 10 000 hours. As a resuR, tests are continuing in order to establish the lifecapa-
biLityof 9 Cr - 1 Mo steel. In addition, work is under way to establish the feasibilityof using a
bimetal refractory material, such as tantalum clad with a stainless steel, or a bare refractory
material for the mercury containment material.
SUMMARY
The major technical accomplishments and problem areas of the SNAP-8 program are sum-
marized in table VI-2.
Test times, as of August 1, 1966, are tabulated for the major power-conversion-system com-
ponents. Listed are the number of units tested, the accumulated test time for all units, and
the longest test time accumulated on a single unit. Only one unit, the turbine-alternator
assembly, has had a failure, and its performance has been somewhat lower than expected.
The results obtained on SNAP-8 components and subsystems have been most encouraging in
that no fundamental problems have been encountered which might prevent development of the
SNAP-8 system. However, much effort is required before it can be said that the SNAP-8 is ready
to be selected for a given mission. The endurance and reliability of SNAP-8 for 10 000 hours
must be demonstrated. For example, the 10 000-hour life of the boiler material (9 Cr - 1 Mo
steel) is uncertain. The first power conversion system, which began tests in February 1966, has
accumulated a total operating time of only about 400 hours. In addition, the three major subsys-
tem3 which comprise the SNAP-8, that is, the nuclear system, the power conversion system, and
the flight radiator assemblies, must be integrated and operated. Currently, testing is continuing
on the first power conversion system and on components. In the future, a second power conver-
sion system and a combined system (i. e., a reactor mated with a power conversion system) will
be tested. All systems will be operated for 10 000 hours.
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TABLE VI-1. - OPERATING TIME OF SNAP-8
REACTOR AS OF APRIL 15, 1965
Temperature,
o F
1300
1300 and other
Thermal power, kW
400 to 600 Other than
400 to 600
Operating time, hr
8 800 470
10 320 1670
Total operating
time,
hr
9 270
11 990
TABLE VI-2. - SUMMARY OF SNAP-8 PROGRAM AS OF AUGUST 1966
Component
Turbine-alternator assembly
Sodium-potassium-pump - motor assembly
Mercury-pump - motor assembly
Lubricant-coolant-pump - motor assembly
Boiler
Condenser
Number of
units
tested
4
10
3
4
5
3
Test time Longest
for all single-
units, unit test
hr time,
(a) hr
1122 820
4157 3028
1975 1099
7727 4552
3694 1429
3694 1851
apower conversion system delivered 35 kWnet electric power with all
pumps on alternator power during 1966 testing.
157
NUClFAR SYSTEM
REACTOR
REACTORCONTROLS
SHIELD
AECIATOMICS
INTERNATIONAL
POWERCONVERSION
SYSTEM
BOILER
TURBINE-ALTERNATOR
Hg PUMP
CONDENSER
NaK PUMPS
ELECTRICALCONTROLS
NASAIAEROJET
GENERALCORPORATION
m
m
FLIGHTRADIATOR
ASSEMBLY
RADIATORHEAT
EXCHANGERS
NASA
Figure VI-1. - SNAP-8 electrical generating system.
watts; life, 10000 hours.
CS-40215
Electrical power, 35 kilo-
RADIATOR
CS-40234
Figure VI-2. - Schematic drawing of SNAP-8 system.
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Figure VI-3. - SNAP-8 reactor assembly. 
c s -40220 
Figure VI-4. - SNAP-8 experimental 
reactor. Cr i t ical  operation reached 
in May 1963; thermal power, 
600 kilowatts; sodium-potassium 
outlet temperature, 1300” F; energy 
output th rough Apr i l  15, 1965, 
5 154 332 kilowatt-hours. 
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Figure VI-5. - SNAP-8 tube-in-tube boiler. 
Sodium-potassium and mercury  flow in 
opposite directions; shel l  dimensions: 
outside diameter, 4.25 inches; wall  th ick -  
ness, 0.125 inch; length, 30 feet; tube 
dimensions (seven tubes): inside diam- 
eter, 0.652 inch; wall  thickness, 0.09 
inch; length, 30 feet; wet weight, 
480 pounds. 
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Figure VI-6. - Temperature profi le of SNAP-8 tube-in-tube boiler. 
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Figure VI-7. - Condit ioning h is to ry  of SNAP-8 tube-in-tube boiler. 
M e r c u r y  flow rate, 11 500 pounds per hour; mercury  exit pressure, 
265 pounds per square inch absolute; mercury  i n le t  temperature, 
450' F; sodium-potassium flow rate, 45 OOO pounds per hour; 
sodium-potassium in le t  temperature, 1310" F. 
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c s-40221 
Figure VI-8. - SNAP-8 condenser. Sodium-potassium and mercury  flow in 
opposite directions; shel l  dimensions: outside diameter, 4.4 to 7 inches; 
length, 52 inches; tube dimensions: inside diameter, 0.44 to 0.20 inch; 
length, 51.5 inches; wet weight, 120 pounds. 
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Figure VI-9. - Temperature profile of SNAP-8 condenser. Mercury flow rate,
12 500 pounds per hour; sodium-potassium flow rate, 41 500 pounds per
hour; mercury inlet temperature, 678° F; mercury outlet temperature,
490° F; sodium-potassium inlet temperature, 486° F; sodium-potassium
outlet temperature, 672° F.
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Figure VI-10. - Schematic drawing of turbine-alternator assembly. Turbine design
conditions: output, 63 kilowatts; efficiency, 60 percent; weight, 151 pounds;
speed, 12000 rpm; alternator design conditions: output, 80 kilovolt-amperes;
power factor, 0. 75;,efficiency, 87 percent; frequency, 400 cps; weight, 430 pounds.
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Figure VI-11. - Turbine-alternator assembly in clean room. 
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Figure VI-12. - Performance comparison of SNAP-8 tu rb ine  assemblies. 
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Figure VI-13. - SNAP-8 alternator efficiency as function of power.
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Figure VI-15. - Lubricant-coolant-pump - 
motor assembly. Design conditions: 
speed, 7800 rpm; head rise, 57 pounds 
per square inch; flow, 9400 pounds per 
hour; input power, 1.6 kilowatts; over- 
al l  efficiency, 27 percent; carbon journal 
and thrust  bearings lubricated with poly- 
phenyl ether. 
* O r  
H A D  
RISE, 
PSI 
I DESIGN PT. INPUT POWER- 
I 
I 
T 2  INWT 40- 
30. 1- Kw 
POWER, 
0 2 4 6 8 10 12 14x103 
C S -401 77 CAPACITY, LBlHR 
Figure VI-16. - Performance of lubricant-coolant-pump - motor assembly. 
Fluid, polyphenyl ether. 
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Figure VI-17. - Mercury-pump - motor assembly. Design conditions: speed, 
7800 rpm; head rise, 394 pounds per square inch; flow, 11 500 pounds per 
hour; inpu t  power, 2.8 kilowatts; overall efficiency, 14 percent; bal l  bear- 
ings lubricated w i th  polyphenyl ether. 
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Figure VI-18. - Performance of mercury-pump - motor assembly. 
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Figure VI-19. - Sodium-potassium-pump - motor assembly. 
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Vll. POTASSIUM RANKINE SYSTEM MATERIALS TECHNOLOGY
Louis Rosenblum, David R. Englund, Jr., Robert W. Hall,
Thomas A. Moss, and Coulson Scheuermann
INTRODUCTION
The discussion of the materials technology for advanced Rankine cycle systems presented
herein mainly concerns the working fluid, potassium, and the containment materials, alloys of the
refractory metals columbium and tantalum. Some of the problems inherent in the application of
these materials to space power systems are presented, and the more significant results of recent
materials investigations are summarized.
Before materials are considered in detail, however, the temperature regime of operation of
the potassium-Rankine system should be defined. The working fluid can be used as a guide to de-
limit the temperature regime for the advanced Rankine cycle system. In figure VII-1 the vapor
pressure is shown as a function of temperature for several liquid metals of interest: mercury and
the alkali metals (cesium, rubidium, potassium, sodium, and lithium). The shaded area to the
left is the area of operation of the SNAP-8 mercury system discussed in paper VI; the shaded
area on the right is the operational regime of the advanced system discussed herein. The bound-
aries of the shaded areas are fixed by both system operation and materials considerations. The
upper pressure limit, for example, is set by design stress limitations; the lower pressure limit
reflects such operational considerations as vapor velocity, pump cavitation, and subcooling. The
higher temperature boundary at approximately 2200 ° F for the advanced system is established by
temperature limitations of available refractory alloys. The lower temperature boundary at
1400 ° F is determined by such operational considerations as optimum radiator temperature and
cycle efficiency. Obviously, these maximum temperature and pressure limits can be extended as
new materials with improved properties are developed.
There are four common refractory metals that can be considered for use in potassium Ran-
kine systems: tungsten, tantalum, molybdenum, and columbium. Some of the important prop-
erties of these metals are listed in table VII-1. Tungsten has the highest melting point (over
6000 ° F) and columbium the lowest (about 4500 ° F). Even this temperature, however, is about
2000 ° F higher than the operating temperatures anticipated in potassium Rankine systems. Co-
lumbium has the lowest specific gravity (about the same as common nickel-base superalloys),
while tantalum and tungsten are much heavier.
Columbium and tantalum are highly fabricable, ductile metals, while tungsten and molyb-
denum are relatively brittle, particularly in the welded condition. The poor fabricability of tung-
sten and molybdenum renders them unsuitable for use as containment materials for the complex
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piping systems needed in Rankine systems; thus, columbium and tantalum alloys were selected
for this application.
OXIDATION OF COLUMBIUM, TANTALUM, AND THEIR ALLOYS
Although tantalum and columbium alloys appear to be suitable containment materials, their
use poses an unusual problem because of their high reactivity with contaminants, in particular
with oxygen. At the high temperatures of system operation, oxygen is highly soluble in these re-
fractory metals; they literally act as sponges and tend to absorb available oxygen from the en-
vironment. Since the addition of relatively small amounts of oxygen to a refractory metal alloy
can produce marked changes in strength, ductility, and corrosion resistance of the alloy to po-
tassium, the use of these materials hinges on the control exerted over the contamination reac-
tions. Oxygen contamination, its control, and its effects on the properties of the structural ma-
terials are discussed throughout this paper. Concern with contamination of system materials that
are expected to operate in space may seem somewhat peculiar, since there is little source of con-
tamination in space. However, most of the research and development on these power systems
will be carried out in ground-test vacuum facilities in which oxygen contamination is a real pos-
sibility. Therefore, if contamination is to be limited and controlled, the manner in which the
oxidation process occurs must be understood and a quantitative determination of the oxidation
rates made under test environment conditions.
The low-pressure oxidation of columbium and tantalum refractory metal alloys can be visu-
alized as occurring in three consecutive steps. The overall rate of reaction is determined by that
step which occurs at the slowest rate, called the rate-controlling step. The proposed steps, or
processes, in the low-pressure oxidation of columbium, tantalum, and their alloys are shown in
the simplified model given in figure VH-2. The first process is gaseous diffusion of oxygen mole-
cules to the surface, wherein the number of molecules per second that impinge on the surface of
the metal is described by the well-known kinetic theory of gases. The second process, surface
reactions, covers the reactions of the molecules on the surface, such as adsorption of the mole-
cules and dissociation of the molecules into atoms. The third process is simply the diffusion of
oxygen atoms into the bulk solid. When gaseous diffusion is rate controlling, the oxygen weight
gain w is directly proportional to time t:
wcct
When a surface reaction is the rate-controlling process, the weight gain is proportional to time
to the n th power:
w oct n
For thin-walled specimens, comparable with tube thicknesses that would be employed in space
power systems,
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Whendiffusionin thesolid is rate controlling, theweightgain is proportionalto the squareroot
of time:
An investigationto establishthe rate-controllingprocessandto obtainquantitativedataon
oxidationrateswasconducted. In this investigation,anovelmethodwasusedwhichhasa sensi-
tivity twoorders of magnitudegreaterthanavailablegravimetricmethods. Theexperimental
apparatusis shownin figure VII-3. Oxygenis admittedto thevacuumsystemthroughthecon-
trolled leak; it is simultaneouslyremovedby meansoftwopumps. Oneis a conventionalvacuum
ion pumpandtheother is the heatedrefractory metalspecimenitself. Theoxygenpressureover
the specimenP2 canbe setat thedesiredlevelby adjustingthe oxygenleak rate. Thevalueof
P2 is obtainedfrom ameasurementof P3' which is then corrected for thermal transpiration ef-
fects. The rate of oxygen pickup by the specimen can be readily calculated from the oxygen pres-
sure drop between P0 and Pl (as measured by the ionization gages and the mass spectrometers)
and the known vacuum conductance. The oxygen weight gain rate R of the specimen is given by
the relation
R =(Po- P1 )C
where C is the conductance. This relation is analogous to Ohm's law for electrical current
flow. With this apparatus, continuous measurements of oxidation rate have been made for colum-
bium, tantalum, and seven columbium and tantalum alloys of interest. Tests were run over the
pressure range of 10 -8 to 10 -5 torr and over the temperature range of 1600 ° to 2000 ° F. Shown
in figure VII-4 is a plot of the experimental data for the oxidation of columbium at a temperature
of 1800 ° F and an oxygen pressure of 3×10 -8 torr. The weight gain was linear with time for a
test run of over 200 hours. This result is typical of the refractory metals tested, inasmuch as
all these metals exhibited a linearity between oxygen weight gain and time. These results are
significant because they identify gaseous diffusion as the probable rate-controlling process in the
oxidation of refractory metals over the range of conditions covered in these tests.
Further, since flux of oxygen molecules to the surface controls the oxidation rate and since
this flux is proportional to pressure, the rate of oxygen weight gain for the refractory metals
tested should be directly proportional to the oxygen pressure. This conclusion is confirmed as in-
dicated in the typical case given in figure VII-5. Shown is a plot of oxidation rate as a function of
oxygen pressure for the columbium-zirconium alloy Cb-lZr over the temperature range of 1600 °
to 2000 ° F. The weight gain rate is, in fact, linear with pressure. The equation of the oxidation
rate - pressure line is shown on the figure. The quantity in the parentheses is the kinetic theory
of gas expression for the flux of oxygen molecules to the surface of the specimen under the test
conditions. The factor _ is termed the "pumping efficiency" of the material. The value of
of 0.15 determined for the Cb-lZr alloy indicates that for every 100 molecules of oxygen that hit
the surface of the alloy, 15 penetrate into the bulk metal. Values of pumping efficiency obtained
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for columbium, tantalum, and the columbium and tantalum alloys tested were between 0.02 and
0.20; the columbium alloys had generally higher values than comparable tantalum alloys.
In regard to the problem of oxygen contamination of refractory alloys during operation in
ground-test vacuum facilities,itis evident that the pumping efficiency values can be used to cal-
culate testvacuum requirements as a function of alloy wall thickness and test time. As an illus-
tration, oxygen pressure is plotted against the time needed to pick up the indicated oxygen con-
tamination in figure VII-6 for T-111 (Ta-8W-2Hf) alloy with one side of the 20-rail-wall tube ex-
posed to the vacuum environment and operated at 2000 ° F. If, for example, itis desired to limit
contamination to no more than 100 ppm oxygen during a 1000-hour test, the oxygen partial pres-
sure must be no more than lx10 -8 torr.
The pressures discussed so far have been oxygen partial pressures; however, vacuum gages
measure the total system pressure. The oxygen partial pressure is approximately a decade or
more lower than the totalpressure. In the example just given, in order to ensure a contamina-
tion pickup of less than 100 pprn in 1000 hours, the total system pressure should be maintained at
lx10 -7 torr or less, as measured by the vacuum gage.
SPACE POWER SYSTEM CONTAINMENT MATERIALS
Requirements
The prime requirements for a containment material are as follows. First, itmust have good
high-temperature creep strength. Second, since the containment material will be utilized primar-
ily in the form of thin-wall tubing which must be welded into a highly reliable, leak-tight piping
system, the material must be readily fabricable and possess good ductilityin the welded condi-
tion. Finally, the containment material must be resistant to corrosion by boiling potassium.
Creep Strength
The first requirement, creep strength, is particularly important since space power systems
must operate at high temperatures for long times. Allowable creep deformation, for example,
might be limited to less than 1 percent in 10 000 hours. Although there are many columbium and
tantalum alloys which could be considered for use as containment materials, no long-time creep
data for these alloys were available when Rankine system feasibility studies were initiated. Thus,
the first goals were to identify the most promising alloys and to generate the long-time creep in-
formation required for preliminary design studies.
The chemical compositions of some of the alloys evaluated are shown in table VH-2. Colum-
bium - 1-percent zirconium is a highly fabricable but relatively weak columbium-base alloy which
was in the most advanced stage of development when the study was initiated. The other four ma-
terials listed are newer alloys which attempt to combine the good fabricability and weldability of
columbium - 1-percent zirconium with better high-temperature strength. The alloys FS-85 and
D-43 are columbium-base alloys while T-111 and T-222 are tantalum-base materials.
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There are two basic strengthening mechanisms utilized in these alloys. First, other high-
melting-point metals, such as tungsten, are added as solid-solution strengtheners; that is, the
tungsten replaces columbium or tantalum in the base metal lattice. The difference in atomic sizes
produces strains in the lattice and increases strength. Second, smaller amounts of the very re-
active metals, zirconium or hafnium, are added to promote dispersion or precipitate strengthen-
ing. These metals react with residual or intentionally added interstitial elements such as car-
bon, oxygen, or nitrogen to form avery fine dispersion of second-phase particles which act as
barriers to the high-temperature deformation process.
The high reactivity of these columbium and tantalum alloys with oxygen and other interstitials
poses a problem in high-temperature creep testing of these materials. If the test environment is
not sufficiently pure, the creep specimen will absorb contaminants such as oxygen from it. This
continuous contamination would progressively change the composition of the material and thus af-
fect the creep properties being measured. In general, contamination with oxygen in amounts
greater than 200 or 300 ppm makes the material stronger but less ductile. Such contamination
during high-temperature creep testing in the laboratory could lead to an overly optimistic esti-
mate of the strength of the material in service. In the high vacuum of space where contamination
is absent, the material would be weaker than in the laboratory test.
In order to minimize the problem of oxygen contamination in creep tests, strict limitations
were imposed on the vacuum level at which tests were conducted and on the test duration. For an
initial screening study which was used to identify the most promising alloys, for example, the
tests were limited to durations of a few hundred hours and conducted at total pressures of 10 -6 to
10 -7 tort. For tests with durations of thousands of hours, ultrahigh-vacuum creep equipment
was designed and constructed.
In the screening program, the creep behavior of twelve columbium alloys and three tantalum
alloys was evaluated at temperatures from 2000 ° to 2400 ° F and at a constant stress of 4000 psi.
This stress was selected as being in the range of interest for typical components of the contain-
ment system. Some of the results from the 2200 ° F screening tests are shown in figure VII-7.
Plotted is creep strain in percent against the test time in hours. Under these test conditions,
Cb-lZr crept 1 percent in only 30 hours. The strongest alloys were the tantalum alloys, T-222
and T-Ill, and the columbium alloys, FS-85 and D-43. These alloys all crept less than 1/2 per-
cent in 300 hours. The other 10 alloys generally fell in the intermediate region between the
strongest alloys and Cb-lZr, although a few were even weaker than Cb-lZr. On the basis of
these results, attention was focused for longer time tests on the four alloys, FS-85, D-43, T-111,
and T-222.
The ultrahigh-vacuum creep units developed for these tests are shown in figure VII-8. These
creep units are bakeable stainless-steel systems which utilize copper gaskets for all demountable
joints. They are evacuated by ion pumps and routinely operate at total pressures of 10 -8 to 10 -9
tort. With such units, contamination of 30-rail tantalum alloy sheet has been held to less than
100 ppm in 10 000-hour creep tests.
Although extensive long-time creep data are not yet available, a preliminary comparison of
the creep properties of the selected tantalum and columbium alloys at 2200 ° F are shown in fig-
ure VII-9. Since weight is an important consideration in space power systems, the tests were
conducted at a constant ratio of stress to density. The actual stresses are indicated in paren-
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theses.Despitethefact that thetantalumalloyswere testedat higherstress levels to compensate
for their higherdensity, theyare significantlymorecreepresistant thanthe columbiumalloys.
TheT-222alloy ran for 7500hoursat 8000psi beforeexceedingthe 1-percentcreeplimit. At
somewhatlower stressesor temperatures,this alloy wouldmeetthe goalof less than1-percent
creepin 10000hours.
Theeffectof stress onthecreeprate of theT-222alloy at 2200° F is shownin figure VII-10.
Plottedis the creep curve at 8000 psi which was shown in figure VH-9 and the creep curve at
12 000 psi. Increasing the stress level to 12 000 psi decreases the time for 1-percent creep from
7500 hours to approximately 2500 hours. For low stresses and small strains, the stress depen-
dence of creep appears to follow the relation
n
E=o-
where E is the creep rate, a is the applied stress, and n is a constant. From available data
on tantalum and columbium alloys, the value of the exponent n is approximately 3.
As is known, creep strength is strongly dependent on metallurgical structure. Heat treat-
ments which alter the size and distribution of oxide or carbide precipitates in these alloys will
affect their creep strengths. The effect of annealing temperature on creep strength is illustrated
in figure VII-11 for the tantalum alloy T-ill, creep-tested at 2200 ° F and 8000 psi. The material
annealed for 1 hour at 3000 ° F before testing was approximately three times as creep resistant as
the material annealed at 2600 ° F for 1 hour before testing. This effect is attributed to the resid-
ual carbon present in the alloy. At temperatures between 2800 ° and 3000 ° F, the carbon in the
alloy is taken into solution, and relatively rapid cooling traps the carbon in the dissolved state.
Subsequent testing at elevated temperatures allows the carbide to precipitate from the matrix dur-
ing creep testing. It is this precipitate which enhances the creep properties of the alloy.
The results of these long-time creep studies to date indicate that existing commercial
tantalum-base alloys have adequate creep strength for use as potassium containment materials to
temperatures approaching 2300 ° F. For higher temperatures, stronger alloys will be required.
Shown in figure VII-12 is a Larson-Miller creep-strength plot for one of the more promising ad-
vanced alloys, Astar 811C, and the two tantalum alloys just discussed, T-Ill and T-222. On fig-
ure VH-12 the stress for 1-percent creep is plotted against the Larson-Miller time-temperature
parameter _. The temperatures indicated correspond to those for the Larson-Miller parameter
at a 10 000-hour test time. The Astar 811C alloy (Ta-8W-1Re-IHf-0.025C) is solid solution
strengthened with rhenium as well as with tungsten and is also precipitation strengthened since it
contains hafnium and carbon. This new tubing alloy, at comparable stresses and times, has a
temperature advantage of about 150 ° F above commercially available tantalum alloys.
Fabricability
The strength situation for the refractory metal alloys seems promising. However, as was
previously mentioned, another prime requirement for a containment material is that it be fabri-
cable. As of the present time, all alloys discussed herein with the exception of the advanced
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tantalum-basealloy, Astar 811C, have been fabricated into small-diameter tubing, which is a
practical measure of fabricability.
One quantitative measure of the fabricability of an alloy is its ductile-to-brittle transition
temperature. It is a characteristic of these columbium and tantalum alloys that they exhibit a
change from ductile to brittle behavior over a relatively narrow temperature range, as illustrated
in figure VII-13. The transition temperature is easily determined by bending sheet specimens
over a radius equivalent to the thickness of the sheet until brittle failure occurs or until a maxi-
mum angle of 100 ° is reached.
Bend transition tests of this type have recently been run on the refractory alloys of interest,
and the results are shown in figure VII-14. The transition temperatures for the base material
and for tungsten - inert-gas (TIG) arc-welded material are presented. A number of weld varia-
bles, such as welding speed, heat input, and spacing, were evaluated. The length of the black
bars represents the temperature range over which the transition temperature occurred.
Although the Cb-lZr alloy does not have the requisite strength characteristics, it is included
for comparison since it is known to be readily fabricable. The FS-85 base material had a rela-
tively low transition temperature, but in the as-welded condition the transition temperature was
near room temperature. The relatively long bar for the as-welded D-43 alloy indicates the high
sensitivity of this columbium alloy to the welding variables investigated; this sensitivity is one
reason why it was dropped from further consideration. The alloys with the short bars are pre-
ferred since they indicate a low sensitivity to the welding variables. The tantalum-base alloys,
as a class, exhibited very low transition temperatures and little sensitivity to the welding varia-
bles.
At Lewis special procedures have been developed to minimize contamination and to control
welding variables. Personnel are required to put on clean-room coats and shoe covers before
entering the welding room. The parts to be welded are chemically and ultrasonically cleaned and
carefully handled so as to prevent contamination. Tungsten - inert-gas welding is performed in
a controlled environment chamber. After the pieces to be welded are placed into the chamber,
it is sealed and evacuated to a pressure of less than lxl0 -5 torr. The chamber is then backfilled
to atmospheric pressure with dry argon or helium containing less than 2 ppm oxygen. During the
welding process, water vapor and oxygen levels are continuously monitored and controlled to as-
sure a contaminant level of less than 5 ppm oxygen and 10 ppm water vapor. Electron-beam
welding is performed in a large vacuum chamber at pressures below lxl0 -4 torr. In this welding
facility, electron beam welds have been made of refractory metals and alloys in thicknesses
ranging from 5 mils to 1/8 inch. With the use of such procedures, high-quality welds with a min-
imum amount of contamination can be obtained with all the alloys discussed.
In addition to the problem of obtaining good as-welded ductility, however, the problem of em-
brittlement of the weld zone as the result of precipitation during long-time service must be con-
sidered. This precipitation phenomenon, called age hardening or simply aging, has led to serious
problems in earlier systems. During long-time ground testing of space power systems, scheduled
or inadvertent shutdowns often occur, and it is essential that the weld joints be ductile enough to
accommodate the resulting thermal strains.
An experimental program is currently being conducted to determine if the more promising
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columbium and tantalum alloys are susceptible to this aging embrittlement. In these tests,
welded sheet specimens are aged at temperatures and times of interest and the bend transition
temperatures determined after this exposure. Available results for the alloys FS-85 and T-Ill
are shown in figure VII-15, where the bend transition temperature is plotted as a function of
aging temperature. Aging time, in all cases, was 1000 hours. Both alloys were postweld-
annealed at 24000 F before aging. For FS-85, the bend transition temperature of the as-welded
material is about -200 ° F. However, on aging for 1000 hours at 1800 ° F, the transition temper-
ature increases to approximately 75 ° F; that is, the weld is likely to be brittle at room tempera-
ture. On the other hand, however, although the alloy T-Ill also exhibits the aging phenomenon,
the transition temperature is always well below room temperature. No problems from aging of
welds would thus be anticipated for this alloy.
As refractory metal test facilities are run on the ground, another practical consideration en-
countered is the necessity of cutting into the facilities after numerous hours of operation and then
rewelding. Since some contamination is bound to occur during thousands of hours of operation,
even at pressures as low as 10 -8 torr, the effect of contamination on the properties of the alloys
must be considered. Shown in figure VII-16 is the effect of preweld oxygen content on the as-
welded transition temperature of the alloys T-Ill, T-222, and FS-85. Materials evaluated in
these tests were doped with oxygen prior to welding, and the welding was performed with the pro-
cedures previously described. The T-ill alloy is relatively insensitive to the oxygen content
over the range investigated. The FS-85 alloy shows a relatively gradual increase in the transi-
tion temperature with increased oxygen and reaches room temperature at 600 ppm oxygen. The
T-222 alloy shows a relatively high sensitivity to the increased oxygen. This difference between
the two relatively similar tantalum alloys, T-ill and T-222, may be ascribed to the intentional
addition of 100 ppm carbon to the T-222 and 10 percent tungsten in T-222 as against the 8 percent
in T-Ill. Additions of tungsten to tantalum appear to reduce the solubility of all interstitials
(carbon, oxygen, and nitrogen) in the alloy. It is expected that oxygen additions above 300 ppm
to the T-Ill alloy will result in an increase in its transition temperature.
Up to this point, the strength characteristics and fabrication and weldability properties of
several columbium and tantalum alloys have been discussed. Attention is now given to a critical
materials area, that of compatibility of the refractory alloys with potassium.
Corrosion
It is now commonly accepted that corrosion by potassium, and alkali metals in general, is
highly dependent upon the presence of oxygen. It has been proposed that oxygen (O) present in the
metal will react with the refractory metal (M) and potassium (K) to form a complex oxide, such
as potassium columbate or tantalate:
K + M + O - [KMO] complex
These complex oxides are believed to be highly soluble in potassium and thus are taken rapidly
into solution. The potassium - refractory-metal - oxygen reaction is therefore expected to con-
tinue until all available oxygen is consumed.
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• Some alloys contain an element called a gettering element, which is a highly reactive element
such as zirconium or hafnium which tends to form a very stable oxide. When a gettering element
is present in the alloy, the getter reacts and combines with the oxygen. A reduction in the
amount of available oxygen results in the formation of less of the complex oxide, which thereby
imparts a degree of corrosion resistance to the alloy.
This mechanism is supported by several observations. First, oxygen distribution studies
indicate that oxygen migrates from columbium to potassium, contrary to the expected behavior
based on the free energies of formation of the respective oxides. These results imply the forma-
tion of an intermediate compound. Second, solubility studies show a high dependency of refrac-
tory metal solubility on oxygen content, which indicates the active role of an oxide. Third, com-
plex refractory-metal - alkali-metal oxides are known and have been identified as corrosion prod-
ucts. Last, the nature of the corrosive attack is consistent with this mechanism.
In regard to the subject of solubility, as was just discussed, the amount of oxygen available
for the formation of a complex oxide should control the amount of metal taken into a solution by
potassium. The solubility of iron in potassium in the presence of materials with different getter-
ing potentials can be used to illustrate this point. The solubility of iron in potassium was mea-
sured with a capsule similar to that shown in figure VII-17. The body of the capsule was made of
iron and the sampling cup, of a different metal. The sampling cup was positioned within the cap-
sule body as indicated in figure VII-17(c). After equilibration of the potassium with the iron, the
capsule was inverted while still at temperature. Then the capsule was allowed to cool, and a
sample was removed for analysis. The cup not only served to isolate the potassium sample but
in this series of experiments also acted as an oxygen getter.
In figure VII-18 measured iron (Fe) solubility is plotted against estimated available oxygen.
As indicated at the bottom of the figure, the cup metals used were nickel, molybdenum, tantalum,
columbium, and zirconium. Because of their differing gettering abilities, each material sets a
unique value for the amount of oxygen available for the reaction,
K + Fe + O - [KFeO] complex
The expected variation in measured solubility was indeed obtained; the oxygen effect for iron is
quite significant, with approximately two orders of magnitude difference between the solubility
results with sampling cups of nickel, a relatively poor getter, and zirconium, a good getter.
This example illustrates the point of enhanced solubility of iron in the presence of oxygen.
Presently, simila_ data are being sought for the refractory metals. Preliminary results of solu-
bility tests, with Cb-lZr alloy and pure columbium, have shown that the presence of zirconium
in the alloy reduces the measured columbium solubility by about one order of magnitude below
that obtained for the ungettered columbium. Thus, the information obtained for iron also appears
to apply to columbium.
Now that the fundamental processes behind the corrosion reaction have been outlined, atten-
tion can be turned to material screening tests which are employed to determine the compatibility
of possible containment materials with potassium. Inasmuch as oxygen appears to have a serious
effect on corrosion, adequate precautions must be taken to ensure that oxygen is not inadvertently
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introduced into the test. Careful handling and control of all test conditions are needed to mini-
mize oxygen contamination so that test results will be meaningful.
Material screening tests were carried out in capsules with 0.5-inch diameter, 1.75-inch
length, and 0. 040-inch wall thickness. The capsule wall served as the test specimen. To mini-
mize contamination of the metals during loading and capsule sealing, a special vacuum-handling
facility was constructed, containing a potassium extruder, a work table, a remote manipulator to
position the capsules within the vacuum enclosure, a welding fixture, and an electron beam welder.
A measured amount of potassium was extruded from a sample tube and dropped into a capsule.
The capsule was placed in the welding fixture and capped. The welding fixture was rotated and the
electron beam welder was activated to seal the capsule. Since the entire operation was carried
out rapidly and in a vacuum of less than 10 -5 torr, contamination was minimized.
The capsules were then instrumented with thermocouples and inserted into individually con-
trolled heaters clustered on a test bed. The capsules were tested in a vacuum chamber at a pres-
sure of less than lxl0 -7 torr, an acceptable vacuum level for the test times and temperatures.
Heat input to the capsule was such that the potassium refluxed within the capsule. Potassium va-
por rose to the upper part of the capsule where it condensed and then streamed down the wall of
the capsule to produce a continuous circulation of fluid. At the end of the tests, the bed was re-
moved from the chamber and the capsules were prepared for metallographic and chemical analy-
ses to determine the extent of corrosion.
Thirteen columbium and tantalum tubing alloys were screened in this manner in the tempera-
ture range of 1800 ° to 2400 ° F for times up to 10 000 hours. The materials tested are given in
table VH-3; both gettered and ungettered columbium and tantalum alloys were included. The po-
tassium used in these tests was of high purity and contained less than 20 ppm oxygen.
The results of tests run on columbium alloys can best be shown by comparing the zirconium
gettered alloy FS-85 with the ungettered alloy SCb-291. Figure VH-19 shows a sectioned capsule
of SCb-291 which has been tested for 1000 hours at 2200 ° F. As shown in the accompanying pho-
tomicrographs, general dissolution occurred at the top of the capsule and attack along grain
boundaries at the bottom of the capsule. Figure VH-20 shows a sectioned FS-85 capsule tested
for _.000 hours at 2300 ° F. Despite the more severe test conditions imposed upon FS-85, it shows
essentially no corrosive attack.
A comparison of reflux corrosion capsule results for an ungettered tantalum alloy, Ta-10W,
with a hafnium gettered alloy, T-111, is given in figures VH-21 and VH-22, respectively. The
ungettered Ta-10W alloy was tested at. 1800 ° F. Termination of the test occurred at 128 hours,
after the potassium had leaked out by penetrating the grains in the weld area. This penetration is
shown in the bottom photomicrograph on figure VH-21. Intergranular attack was also found in the
fine-grained structure at the top of the capsule. In contrast, the gettered alloy, T-Ill, under
more severe test conditions, showed essentially no attack in the weld zone and only a slight rough-
ening at the top of the capsule.
With larger capsules than those previously described, encouraging results were also ob-
tained in long-time tests on the gettered columbium alloys AS-55, D-43, and Cb-lZr. The re-
sults for D-43 are typical of these alloys. As indicated in figure VH-23, there was no detectable
corrosion after 10 000 hours at 2000 ° F.
The effect of both stress and strain on corrosion of columbium alloys in potassium was
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investigated. For this purpose,the standardcorrosioncapsulewasaltered asshownin figure
VII-24. Just abovethemidregionof the capsule,thewall thicknesswasmachineddownto pro-
vide a highlystressedregion. Thecapsulewasthenheatedto 2300° F for 1000hours. Internal
pressure in the capsuleresulting from thevaporpressureof potassiumimposedan initial hoop
stress of about4000psi onthethin-wall section,whichcausedit to bulge. Themaximumstrain
in this test after 1000hourswasapproximately37percent.
After thetest, the capsulewassectionedandexaminedmetallographically. A typical photo-
micrographfrom thehighlystressedsectionis shownin figure VII-24(c). There is no evidence
of stress corrosion despite the high temperature and large amount of strain. These results are
for the columbium alloy D-43, but similar results were also noted for other alloys. Thus, it is
believed that stress corrosion is not likely to be a problem in potassium Rankine systems con-
structed from columbium or tantalum alloys.
The initial screening of the alloys and the determination of basic properties such as solubility
limits are most readily obtained in capsules of one type or another as described. The alloy final-
ly selected for a system, however, should be proof-tested in an engineering test loop specifically
designed to simulate the proper temperature and flow conditions of the actual system. Since ex-
perience has been limited in the construction and operation of such complex test loops, a proto-
type loop was fabricated from the Cb-lZr alloy. The choice of this alloy was dictated by the fact
that it was the only refractory metal alloy available as tubing in 1963 when the test program was
initiated. This loop is shown in figure VII-25. The vacuum chamber in which the loop is mounted
was capable of maintaining a vacuum better than 2x10 -8 tort during loop operation.
Shown in figure VII-26 is a schematic diagram of the corrosion loop. The two-loop system
consisted of a primary sodium heater loop and a secondary potassium boiling and condensing loop.
In the primary circuit, the sodium is discharged from a pump and flows through an electrical re-
sistance heater to a tube-in-tube counterflow boiler, where heat is transferred to the potassium.
The sodium loop operated at a maximum temperature of 2130 ° F, a minimum temperature of
1990 ° F, and a flow rate of 2.6 gallons per minute.
In the boiling and condensing secondary loop, the potassium is discharged from the pump
through an electrical resistance preheater, where the temperature of the potassium is increased
to a temperature near the saturation temperature before it flows into the boiler. In traveling
through the boiler, the potassium is converted from liquid to superheated vapor and then passes
through the first nozzle of the turbine simulator. Heat is rejected in the crossover line of the
turbine simulator, and wet vapor then passes through stages 2 to 10 of the turbine simulator to
the condenser. Condensed vapor is returned through the subcooler to the pump. Potassium in
this circuit was boiled at 1850 ° F, superheated to 2000 ° F, and condensed at 1425 ° F. The potas-
sium circuit had a flow rate of 0.1 gallon per minute.
The loop was operated stably at these conditions for 5000 hours. Posttest metallurgical
evaluation of the potassium circuit revealed no significant corrosion.
Since the design and operation of the Cb-lZr prototype corrosion loop was successful, addi-
tional corrosion loops are now being constructed from the T-111 tantalum alloy.
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Test Instrumentation
With a test of the complexity of that just described, success rests heavily upon instrument
performance. The instrumentation used must not only be able to operate reliably for long peri-
ods, but in some applications must be capable, in terms of materials, of withstanding high tem-
peratures and contact with potassium.
In the consideration of pressure measurements, the pressure-pickup material in direct con-
tact with the potassium must be corrosion resistant. This requirement precludes the use of stain-
less steel in the pressure instrumentation, even in the low-temperature portions of the loop. A
successful technique of solving this problem is the use of the well-known slack-diaphragm pres-
sure transmitter, shown schematically in figure VII-27. The slack diaphragm forms a separating
membrane between the potassium of the loop and the NaK which fills the rest of the pressure mea-
suring system; yet it allows the pressure to be transmitted to the pressure pickup. The spring
properties of this high-temperature diaphragm have little effect on the pressure measurement;
all that is required is that the stiffness be low compared with that of the pressure transducer.
The choice of material for the diaphragm and its housing can therefore be dictated by a materials
consideration without regard to its characteristics as a spring. Further, because the precision-
spring measuring element of the transducer can be maintained at room temperature, the accur-
acy of the technique is good. Probable errors of the order of 1 percent of full scale are typical.
An example of a Cb-lZr alloy slack-diaphragm assembly is shown in figure VII-28. This
pressure pickup was used on the corrosion loop previously described. Comparable assemblies
of T-111 alloy are being made for the T-111 corrosion loops presently under construction.
Response time is the major limitation of this slack-diaphragm technique. The relatively
long NaK-filled line that allows the transducer to operate at room temperature also limits the
frequency response of the system to the order of 0.1 cps. Making transient pressure measure-
ments generally requires the use of very short connecting tubing, which results in requirements
for high-temperature pressure transducers. A transducer of the type shown in figure VII-29 was
used on the previously described corrosion loop to measure boiler inlet pressure and indicate
loop stability. This transducer is a commercial design, which was modified by the substitution
of refractory alloys for the stainless steel normally used. The diaphragm and its housing are
made of tantalum alloys. The diaphragm deflection is measured with a differential transformer.
The transducer is restricted to operation at temperatures no more than 900 ° F because of tem-
perature limitations on this differential transformer. The usable frequency response was limited
to about 20 cps by the nature of the installation.
A more truly high-temperature transducer is shown schematically in figure VII-30. This
transducer is being developed for operation at 1800 ° F. The pressure capsule is about 1 inch in
diameter and made from W-25Re alloy. A vacuum diode operated in the space charge limited
mode is used to measure capsule deflection. A linear output signal can be obtained by utilizing a
double-diode technique, with one diode a variable-spacing collector-emitter combination and the
second, a built-in fixed-spacing reference diode. As stated, this transducer is in development;
prototype models are being built for testing in a two-phase potassium loop.
Since the material tests described earlier involve thousands of hours of operating time,
thermocouple drift can be a serious problem. In a recent test at 2200 ° F, for example, a ther-
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m0couple drift of 100 ° F was observed in 150 hours. There are a great many interrelated factors
that affect thermocouple stability. These factors include choice of material, purity of material,
wire size, handling and assembly techniques, and the environment to which the thermocouple is
subjected. With proper control of these factors, good stability can be achieved, as indicated by
recent high-vacuum stability tests summarized in table VH-4. In one set of 1000-hour tests, sta-
bility was within _18 ° F for temperatures ranging from 2200 ° to 2600 ° F. The alloys tested in-
cluded both platinum-rhodium (Pt-Rh) and tungsten-rhenium (W-Re) alloys. In another test at
3200 ° F for 4000 hours, stability to within 30 ° F was obtained. The alloys used in this test were
W-3Re/W-25Re. In all these tests 20-mil-diameter thermocouple wires were insulated with very
high purity alumina. These results reflect the state of the art attainable with proper care in fab-
ricating and using available high-temperature thermocouples.
System Working Fluid
In the past few years, property measurement programs supported by NASA and other govern-
ment agencies have bridged the last of the engineering property gaps. Currently, the major en-
gineering properties of potassium, such as vapor pressure, density, thermal conductivity, and vis-
cosity, are known over the temperature range of interest to the advanced space power system. For
the most part, small amounts of oxygen impurities appear to have a negligible effect on the engi-
neering properties of potassium. This effect, however, is not negligible in relation to corrosion.
As has been previously described, the presence of oxygen enhances the corrosion attack. It
is therefore of the greatest importance (1) that the impurity concentration of the potassium be
low (preferably 20 ppm or less), (2) that special handling procedures be employed to preclude
contamination of the potassium, and (3) that there be a reliable method for the analysis of oxygen
in potassium at concentrations below 20 ppm.
Currently, the first requirement can be met. Purification procedures such as distillation
and hot gettering allow the routine production of potassium with oxygen concentrations between
5 and 15 ppm.
The second requirement can also be satisfied if rigid standards of cleanliness and handling
are maintained. With the use of clean metallic transfer lines which have been vacuum-leak-
checked for integrity, potassium has been transferred from system to system and from appara-
tus to apparatus without introducing measurable contamination.
The third requirement, a reliable analytical method for measuring low concentrations of oxy-
gen, has proved to be the most difficult of the potassium problems. Currently, three principal
methods are employed in the analysis of oxygen in potassium: amalgamation, distillation, and
neutron activation. The amalgamation method uses the principle of selective solubility to sepa-
rate the potassium from the oxygen impurity. The potassium is dissolved in mercury; the insol-
uble oxygen impurity is thus allowed to float to the surface of the mercury. In the distillation
method, the volatile potassium is distilled from the less volatile oxide impurity. In the neutron
activation method, an encapsulated potassium sample is irradiated with fast neutrons followed by
a measurement of the activity of the decay products from the neutron-oxygen reaction.
Until recently, little was known of the accuracy and precision of these methods, in spite of
the fact that two of these methods, amalgamation and distillation, have been in use for over a
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decade. This state of affairs was further apparent in the results obtained between laboratories.
When two or more laboratories performed analyses on equivalent samples of potassium, the re-
sults were usually in poor agreement.
Investigations at Lewis have indicated that the major cause of these difficulties is the inad-
vertent contamination of the potassium during the act of sampling, transfer, and analysis. To
minimize such contamination, special vacuum analytical techniques and equipment were devised.
The results obtained with two such techniques, vacuum amalgamation and vacuum distillation, on
replicate samples are given in table VII-5. For batch 3, a neutron activation analysis was ob-
tained in addition to the amalgamation and distillation analyses. As is apparent, the oxygen val-
ues obtained by all three independent methods show good agreement. Thus, for the first time, a
high degree of confidence may be had in the accuracy of these methods.
Establishment of the accuracy and precision of results, however, does not complete the ana-
lytical situation. The matter of the lack of agreement between different laboratories must still
be considered. This problem was attacked through a series of Round Robin Analyses, sponsored
by Lewis, the AEC, and the ASTM. Standard samples prepared by Lewis were distributed to
15 participants in government and industrial laboratories throughout this country. The results of
the third and most recent Round Robin Analysis were as follows. Amalgamation was the method
used by most of the 15 participants; however, a few used distillation or neutron activation. The
total number of determinations made was 77; the mean value obtained was 14.7 ppm oxygen; the
range of values was 4 to 26 ppm with a standard deviation of 5.1 ppm. These results of this
third Round Robin Analysis are encouraging, for they show that reasonable agreement can be ob-
tained among laboratories. Also, these results indicate a more general awareness of the need
for environmental control and careful handling.
SUMMARIZATION
Reviewed in this paper are some of the more significant results of recent potassium Rankine
system materials investigations. In summary, the oxidation problem, present in all ground-test
operations, has been brought into focus: in terms of fundamentals, the probable rate determining
process in the low-pressure oxidation of columbium and tantalum alloys has been identified; in
terms of engineering, the requirements for vacuum test environments have been defined. As for
the structural properties of container materials, test results indicate that the creep strength of
available commercial columbium and tantalum alloys is adequate for system operating times and
temperatures, as currently envisioned. Moreover, newer tantalum-base alloys such as Astar
811C promise as much as 150 ° F increased temperature capability, if needed. The fabricability
and weldability of the high-strength alloys, such as T-Ill, appear to be satisfactory, if care is
taken to minimize contamination and proper heat treatment is employed. The important question
of compatibility of container materials with potassium has been investigated by means of solubility,
screening, and pumped loop tests. The results to date indicate that the gettered columbium and
tantalum alloys have adequate corrosion resistance. Further, instrumentation for the variety of
material tests described, with suitable response and reliability, appear attainable with the proper
choice of materials and installation techniques. Finally, as for the working fluid, potassium, the
engineering properties are known over the temperature range of interest to the Rankine system,
and, in the main, techniques have been established for purification, handling, and oxygen analysis
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TABLE VII-1. - PROPERTIES OF REFRACTORY METALS
Metal Melting point, Specific gravity Fabricability
o F
Tungsten
Tantalum
Molybdenum
Columbium
6170
5400
4750
4470
19.3
16.6
10.2
8.6
Poor
God
F_r
Good
TABLE VII-2. - COMPOSITIONS OF TYPICAL
COLUMBIUM AND TANTALUM ALIX)YS
Alloy Composition, wt %
Cb
Cb-lZr Bal.
FS-85 Bal.
D-43 Bal.
T-111 ....
T-222 ....
Ta W Zr Hf C
.... , -- l ........
28 10 1 ........
.... 10 1 --- 0.1
Bal. 8 I -- 2 ....
Bal. 10 -- 2.5 .01
TABLE VH-3. - POSSIBLE COLUMBIUM
AND TANTALUM TUBING ALLOYS
Alloy Composition
Columbium base
B-33
SCb-291
Cb-lZr
D-14
AS-55
B-66
D-43
FS-85
Cb-752
C-129
Cb-4V
Cb- 10Ta- 10W
Cb-lZr
Cb-5Zr
Cb-5W-IZr-0.2Y-0.06C
Cb-5Mo-5V- lZr
Cb-10W-lZr-0.1C
Cb-27Ta-10W-1Zr
Cb-10W-2.5Zr
Cb - 10W - 10Hf
Tantalum base
Ta-10W Ta-10W
T- 111 Ta-8W-2Hf
T-222 Ta-9.6W-2.4Hf-0.01C
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TABLE VII-4. - RECENT THERMOCOUPLE STABILITY DATA
Test duration, hr
1000 4000
Measured stability, OF Within +18 Within +0, -30
Temperature, OF 2200 to 2600 3200
Thermocouple alloy W-3Re/W-25Re
Configuration
Insulator
Wire diameter, in.
Vacuum environment, torr
Pt - 10Rh/Pt,
Pt-6Rh/Pt-30Rh
W/W-26Re,
W- 5Re/W-26 Re
Bare wires in ceramic insulator
Recrystallized A1203, 99.5 percent pure
O. 020
10 -6 to 10 -8 10 -8I
TABLE VH-5. - ANALYSIS FOR OXYGEN IN POTASSIUM
Potassium
batch
1
2
3
[Results from three independent methods corrected for systematic errors. ]
Analytical method Number of Mean amount Standard
Vacuum distillation
Vacuum amalgamation
Vacuum distillation
Vacuum amalgamation
Vacuum distillation
Vacuum amalgamation
Neutron activation
determinations
14
7
of oxygen,
ppm
6.1
7.2
8.7
6.9
16.1
15.6
16.1
deviation
4.7
2.7
2.7
2.5
4.8
4.1
8.4
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Figure VII-8. - Ultrahigh-vacuum creep units. 
p4
CREEP 3
STRAIN,
2
!
0
-- FS-85 (5000/7
//D-43 (4270PSI)
-- / / T-111(8000 PSI)
I/_'r_"_/ J I I I I I
-- 1 2 3 4 5 6 7 8x103
TIME, HR CS-40423
FigureVII--9. - Loncj,,-timecreep for coLumbiumandtantalum alloys.
Temperature, 2200u F; pressure, 10"_tort; constant ratioof stress
to density.
3V
2 STRESS,
CREEP F PSI/
STRAIN, 12 000
%
......
8O0O
I
0 2 4 6 8x103
TIME,HR CS-40420
FigureVII-10. - Effectof stresson creep. Alloy, T-222; temperature,
22000F.
189
CREEP
STRAIN,
%
/
1000 2000 3000
TIME, HR
Figure VII-11. - Effectof annealing temperature on creep.
ature, 2200o F; stress, 8000psi; annealing time, 1 hour.
I
4000
CS-40422
Alloy, T-111; temper-
40
STRESS,
KSI 10
--_ ,o__TAR 811C
__ ZT-111
-- 20000F 12200o F
10000 HR 110 000HR
4 I
So= T(15+ LOG t)
CS-40365
FigureVII-12.-StressforI percentcreepintantalumalloys.Temperature,
3000o F;annealingtime,1 hour.
24000F
10 000HRI
I
54x10"3
190
BENDANGLE,
DEG
100- [i FltCAN"_'_'" "'SfflON TEMP
,
I-BR I I !
ol I II [ I I I
-300 -200 -100 0 100
TESTTEMP, OF CS-40346
FigureVII-13. - Determinationof ductile to brittle bend transition
temperatu re.
),
Cb-lZr _..
FS-85 I
I
I
D-43 I
I
T-111
T-222
BASE
TIG
BASE
TIG
BASE
TIG
BASE
TIG
BASE
TIG
BASE
TIG
_m
mm
mmm
mm
ASTAR 811C 0il
I"
DUCTILETO BRITTLEBENDTRANSITIONTEMP, OF
CS-40347
FigureVII-14. - Weldbendductility for O.035-inch refractory-
alloy sheet with It bend radius.
191
TRANSITION
IEMP,
oF
100 m
-100
-300
ROOM 1500 1800 2100 2400
AGINGTEMP, OF CS-40348
Figure VII-15. - 1000-Hour agingof weldedalloys. Tungsten - inert-gas welc_
temperature, 24000F; annealingtime, 1 hour.
600
BEND
DUCTILITY 200 Z_ Z_
TRANSITION
TEoMP, 0| -/ [] 1"-111
-200J-./ Z_ T-222
-_I_ i o_ , , ,
0 100 200 300 400 500 600 700
FigureVII-16.
perature.
I
80O
OXYGENCONTENT,PPM CS-40349
- Effectof preweld oxygencontent on as-weldedtransition tem-
192
(a) Body. (b) Sampling cup. 
\ 
‘‘K 
c s -40494 
(c) Assembled capsule. 
Id 
MEASURED 
SOLUB IL l lY  
OF Fe, 
PPM 
102 
Figure VII-17. - Solubility capsule. 
CUP 
101 
0 -10 -20 -30 -40 
ESTIMATED AVAILABLE OXYGEN, LOG P 
c 540493 
Figure VII-18. - Effect of Sam lin c u  metal on measured solubil ity of i r o n  in potassium at 1600 8 9  F. 
193 
cs -40459 
Figure VII-19. - Corrosion of ungettered alloy SCb-291 by potassium. Tem- 
perature, 2200' F; time, lo00 hours. 
C S -40458 
Figure VII-20. - Corrosion of gettered alloy FS-85 by potassium. Temperature, 
2300' F; time, 2000 hours. 
194 
CS-40461 
Figure VII-21. - Corrosion of ungettered alloy Ta-1OW by potassium. Tempera- 
ture, 1800' F; time, 128 hours. 
\ 
\ 
\ \ --f O.Ol(Y' t- 
\ 
\ 
\ \ 
\ 
\ '  
WELD AREA 
'\ F' * '  
' - -  
i 
, I  
/ *'I 
$, ' 
C S -40462 
Figure VII-22. - Corrosion of gettered alloy T-111 by potassium. Temperature, 
2400° F; time, 2000 hours. 
195 
COVDENSING SURFACE 
POTAS SI UM 
BOILING SURFACL 
CS-40351 
Figure VII-23. - Alloy D-43 after 10 000-hour exposure to ref luxing potassium 
at 2000° F. 
7- 
f 
0. OlU' 
C S -40460 
(a) Before test. (b) Sectioned capsule (c) Highly stressed 
after test. area after test. 
Figure VII-24. -Test for stress corrosion in D-43 alloy. Temperature, 2300' F; 
time, 1000 hours. 
196 
POTA 
,-TURBINE SIMULATOR 
TUBE-IN-TUBE BOILER-. 
0 
i! 
-CON DENSER-SUBCOOLER i ,  
r E M  PUMP 
I 
4'- CS-40352 
Figure VII-25. - Corrosion loop of Cb-1 Zr. 
TURBINE SIMULATOR-, r 1785' F 
2 1 3 0 O F ~ .  , 
Na HEATER LOOP 
12R HEATER 
Na PUMP 
~ 2 o O o O F  
K TWO-PHASE LOOP 
RA DlATlNG 
BO I LER; CONDENSER; 
18500 F 1425' F 
(SAT. TEMP) 
-- 
~ 1 7 3 0 '  F bl 
19900 FJ' PREHATER , , 
f- 0.1 GALlMlN 
SU BCOOLER; 
8000 F 
J 
CS-40363 
Figure VII-26. - Schematic diagram of Cb-1Zr corrosion loop. 
197 
SLACK DIAPHRAGM-, 
‘-HOUSING (AT CONSTANT, HIGH TEMPERATURE) 
.-TEST SYSlEM PIPING 
00 
0 
CS-40227 
Figure VII-27. - Slack-diaphragm pressure transmitter. 
C S -40229 
Figure VII-28. - Slack-diaphragm pressure transmitter of Cb-1Zr alloy. 
19 8 
C S -40228 
Figure VII-29. - 900' F pressure transducer. 
,-PRESSURE A ..... ...... 1 CAPSULE (W-25Re) 
C S -40225 U 
Figure VII-30. - 1800' F vacuum-diode pressure transducer. 
199 
N67 10269
VIII. POTASSIUM RANKINE SYSTEMS TECHNOLOGY
RobertE. English, RobertL Cummings, RobertL. Davies,
ThomasP. Moffitt, and UweH. von Glahn
INTRODUCTION
The type of potassium Rankine system considered (fig. VIH-1) in this paper contains four
fluid loops, namely, a reactor loop, a power loop, a heat-rejection loop, and a cooling loop. The
basis for system operation is like that of SNAP-8, the main differences being that here the tem-
peratures are higher and that potassium rather than mercury is used in the power loop. The
particular temperatures shown illustrate the levels that might be used; these temperatures, al-
though high, are within the capabilities of the alloy T-Ill discussed in paper VH. The reactor
outlet temperature is taken to be 2200 ° F. The reactor coolant will drop 100 ° or 200 ° in passing
through the potassium boiler and will be heated an equal amount in the reactor.
One of the main reasons for use of a separate loop for the reactor is to diminish the prob-
lems of shielding against nuclear radiation. If some of the reactor fuel elements develop small
cracks, the reactor might well be capable of continued operation, but some fission products could
then leak into the reactor coolant stream. In the case of the separate reactor loop, as shown in
figure VHI-1, the resulting increased radioactivity would be confined to the reactor, the boiler,
and the pump in the reactor loop. If a separate reactor coolant loop were not used, this radio-
activity would contaminate the entire power loop, thereby complicating the problems of shielding,
inspection, and maintenance of t_e power system.
At the turbine inlet: the potassium vapor can be superheated somewhat. In general, the
boiling temperature will be approximately equal to the temperature at the reactor inlet, and the
resulting vapor can be superheated to nearly the temperature at the reactor outlet. In this way,
the amount of superheat at the turbine inlet might typically be 50 ° to 150 ° F.
The condensing and radiating functions are separated for two reasons. First, the design cal-
culations indicate that system weight is thereby diminished. And second, the design of the power
loop is then almost independent of the manner in which the power system integrates with the
spacecraft and mission. Radiator geometry can be adapted to each spacecraft and mission with
only minor alterations in pumping power. The fourth, or cooling, loop provides low-temperature
coolant to those system components that require it.
Such a system has a considerable number of components and a substantial diversity of the
problems. The program has so far been an investigation of the various constituent problems of
these several components, that is, the general technology of such a power system. For this rea-
son, the following discussion covers a variety of problems that are seemingly independent. The
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characteristic thatties all theseproblemstogetheris thattheymustall be solvedin order for
sucha systemasthis to function.
In thefollowingdiscussion,various constituentproblemsare treatedsuccessively. For a
periodof time, the reactorproblemswereinvestigatedby Pratt & WhitneyCANELin anAEC
sponsoredprogram. More recently, the responsibilityfor space-powereactorswastransferred
to the Livermore laboratory, thusthe reactorprogramis presently in the formativestage. Addi-
tional study is required before the reactor concept is selected; for this reason, the reactor is not
discussed.
BOILER AND CONDENSER
To obtain good performance of the boiler and the condenser in a Rankine cycle space-power
system, the heat-transfer processes associated with two-phase flow of liquid metals must be un-
derstood. To obtain an efficient and reliable power system, stable operation of these two compo-
nents must be obtained, both by themselves and by their interactions with other parts of the sys-
tem.
Boiler
Study of two-phase flow problems with liquid metals has been aided greatly by parallel studies
with conventional fluids, such as Freon and water. Thus, the results of heat transfer and pressure
drop research with conventional fluids in relatively inexpensive rigs can be applied to liquid-metal
systems by considering the pertinent physical properties of each fluid. Furthermore, the condi-
tioning problem encountered with the SNAP-8 mercury system does not exist with alkali metals
because of their excellent wetting characteristics, as well as the great care taken to keep alkali
metal systems clean and free of contamination. Analysis of experimental liquid-metal data has
shown that the two-phase heat-transfer resistance is generally very low.
Typical data obtained with a single-tube heat-exchanger boiler with potassium as the working
fluid are shown in figure VIII-2, where the boiler thermal resistance is plotted as a function of
boiler exit quality and superheat. The boiler thermal resistance is used instead of its reciprocal,
the heat-transfer coefficient, because resistances can be added to each other directly. The ther-
mal resistance of the boiler is made up of the following three resistances: the heating fluid, the
tube wall, and the boiling fluid. The heating-fluid resistance and the tube-wall resistance can be
readily calculated and are shown by the crosshatched regions in the figure. The boiling resis-
tance is then determined from the difference between the sum of these two calculated resistances
and the measured overall values shown by the data points. For the most part, the boiling-fluid
resistance is much less than the sum of that for the wall and heating fluid and, therefore, is not
the controlling thermal resistance in a liquid-metal boiler. Only in the region of very low quality,
and again at vapor superheat, is the boiling-fluid resistance of a magnitude that might be con-
sidered controlling. The low values of boiling-fluid thermal resistance obtained for these data
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rep'resentvery highboiling heat-transfercoefficients,generallyin the rangeof 8000to 30000
Btu per hourper squarefootper °F.
From theseandother studies, it canbeconcludedthat the heattransfer andassociatedpres-
sure dropsfor liquid-metal boilers presentnoseriousproblemsfor designers. Thenwhatdoes
constitutetheproblemarea for boilers?
Themainarea of concernis stableoperationof a systemthat includestwo-phaseflow in some
of the components,and, in particular, theboiler. A systemis stableif, whenit is disturbedfrom
its operatingpoint, it inherentlyreturns to thesamepoint. Thestability of the systemdepends
notonly onthe stability of eachof the components,butonthe mannerin whichthecomponentsin-
teract. Althoughtwo-phasecomponentsmaybe stableby themselves,componentinteractions
maycausethe systemto becomeunstable. Stableoperationof two-phasecomponents,therefore,
is asmucha systemproblemasit is a componentdesignproblem.
Boiler stability problemsare manyandcomplex. Twoprimary problemareasaredescril_ed:
theflowpatternsthat mayexist in aboiler tube, andthe"negative-resistance"characteristicof
a boiler.
Thecomplicatedflow patternsthat result from forced-convectionboilingwithina hollow-tube
boiler are shownin figure VI_-3. Theboilingfluid flowswithin a tubeandis heatedby a second
fluid that movesin a surroundingshell. At thebeginningof theboiler tube, the fluid is all-liquid
andat atemperaturebelowtheboilingpoint (thesaturationtemperature). Thegraphin the lower
part of thefigure illustrates the heatingflux beingtransferredinto theboiler tube. In theall-
liquid region, the heattransfer is relatively low, sinceit occursby ordinary forcedconvection.
As theliquid is heated,theportionnearthewall reachestheboilingpoint. Bubblesare then
formednearthe wall with thecore of thefluid remainingliquid. Herethe heattransfer beginsto
increasebecauseof theboilingaction. Thebubblyflow regimeis reachedwhenthe coreof the
liquid approachestheboilingpoint andbubblesextendover the entire tubecross section. These
bubblesthencoalesce,forming largevapormasses. Theresult is the slug-flow regime, with the
flowalternatingrapidly betweenliquid andvapor. Liquidis still flowingalongthewall andthe
heattransfer is very high. Thevaporslugsthenmergetogetherandannularflow results, where
anannulusof liquid flowsalongthe wall andvaporflowsat highvelocity downthe centerof the
tube. Thelast regimeis mist flow, wherethe wall is essentiallydry andvaporis carrying en-
trained liquid droplets. Somewhereprior to the regionof a dry wall, the heattransfer experi-
encesatransition andvery abruptlydecreasesto a lowheatflux rate. This transition point may
fluctuateupanddownthetubein a rapid, uncontrolledmanner.
A numberof inherentboiler stability problemsare tied to theseflow regimes. Theslug-flow
regimeis inherentlyvery unstableandcausesviolentsurgesin pressureandflow. Thesesurges
are believedto be largely responsiblefor thefluctuationsin the heat-transfertransition pointthat
occursfurther downstreamin the tube.
Anotherinstability occursat thevery start of theboiling process. Theinitiation of boiling in
liquid metals is erratic becauseof a bubble-nucleationproblem. Whilemostliquids beginto boil
whenheatedonly a fewdegreesabovetheir normalboilingtemperature,liquid metalscanbe
heatedto severalhundredsof degreesabovetheir normalboilingtemperatureandstill remainen-
tirely liquid. Then, at somepoint, the liquid in theboiler will suddenlybreakto form an inter-
faceandflash into vapor. Flashvaporizationresults in a suddenreleaseof energythat causes
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violent bumping, geysering, and water hammer in the fluid. The outrush of vapor may send a' .
surge of flow and pressure around the power conversion loop, thereby forcing cooler liquid back
into the boiler tube, refilling the tube with liquid and setting up another superheating and geyser-
ing cycle.
The highly superheated liquid state that can be obtained with alkali metals is caused by condi-
tions that are unfavorable for bubble formation. Studies have shown that bubbles originate at gas-
or vapor-filled cavities or nucleation sites, such as pits and scratches in the boiler-tube surface.
Under such conditions, boiling can be initiated and maintained with only a few degrees of super-
heat. With alkali metals, however, the systems are highly degassed to help reduce corrosion
and oxidation, thus depleting the gas available at the nucleation sites. Also, these fluids wet the
surface exceedingly well, thereby tending to fill many of the larger cavities and render them in-
active. These combined effects are the primary cause of the bubble-nucleation problem with liq-
uid meta'.s.
In addition to these flow-pattern instabilities, a forced-flow boiler has, in general, a
"negative-resistance" characteristic in its operating range. Some data that illustrate the
negative-resistance characteristic of a boiler are shown in figure VIH-4. Here, the pressure
drop for a hollow boiler tube is plotted as a function of the weight flow of the fluid. While the data
shown are for sodium, similar data are obtained with other fluids. The solid lines show the pres-
sure drops for all-vapor and all-liquid flows, while the dot-dash parallel lines between these lim-
its represent nominal exit vapor quality values. A negative resistance is characterized by a de-
crease in pressure drop with increasing flow, that is, a negative slope of the curve. The slope of
the curve can become negative because an increase in total flow results in a decrease in exit qual-
ity, and, hence, a decrease in vapor velocity and pressure drop.
On the negative slope portion of the curve, any flow disturbance tending to increase the flow
would lead to a reduction in pressure drop, which, in turn, would cause a further increase in flow
rate. An increased flow rate creates an unstable region of boiler operation that leads, in many
cases, to severe boiler and system instabilities. The magnitude and location of this negative
slope are a function of many variables including liquid subcooling, heat input, fluid pressure level,
boiler internal configuration, etc. Thus, a whole family of such curves can be generated to cover
the operating range of a particular boiler tube.
It is important to realize that the region of negative slope does not necessarily indicate that
the boiler is unstable in this operating range, but does indicate that, when the boiler is coupled
with an unsuitable feed-system resistance, an energy.source exists which could become a driving
force for a system instability.
The negative slope of the boiler operating curve (fig. VIH-4), discussed previously, can be
eliminated by adding a high-resistance device at the inlet of each boiler tube. An orifice (fig.
VIH-5), whose pressure drop increases with the square of the weight flow, has frequently been
used for this purpose. The overall boiler pressure drop is then made up of the sum of the boiler-
tube and orifice pressure drops. This combined pressure drop of the sodium boiler tube and an
orifice is shown in figure VIH-6 as a function of weight flow. It is apparent that the combined
pressure-drop curve has only a positive slope and thus the negative-resistance characteristic of
the boiler tube has been eliminated as an instability source. An orifice, being a high-resistance
element, also tends to decouple the boiler from disturbances originating upstream in other compo-
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nents. By itself, however,anorifice at theboiler inlet doesnot solvethe slug-flowandthe
bubble-initiationproblems.
Of thevarious inlet devicespresentlybeingusedfor spaceboiler applications,thecentral
plugandhelical springshownin figure VIII-7 merit discussion. In this configuration,the plug,
by reducingtheflow area, increasestheliquid velocityandthusenhancestheheattransfer,
while thespiral flow pathmoderatesthe slugflow bycentrifugingthe heavierliquid to the wall of
the tube. With this device, however,thepointof initiation of boiling is uncertain,andslugflow,
dependingontheoperatingconditions,mayor maynotoccur. Thedevicedoesnotby itself solve
thebubble-initiationproblem; however,artificial nucleationsites in the form of re-entrant cavi-
ties couldcircumventthis shortcoming.
An advancedtechniquethat attemptsto solveall thepreviouslydiscussedinstability problems
is shownin figure VIE-8. At thetop of thefigure, a schematicdrawingof the proposedboiler-
tubeinserts is shown. Theinserts consistof a small center-tubedeviceat theboiler inlet fol-
lowedby a helical spring. Thelower portionof thefigure showsa photographof a transparent
tubetest sectionin whichhotwaterwasusedto studytheflow patternsobtainedwith theseinserts.
Theflowpatternsobtainedwith theseinsertsare shownin moredetail bytheuseof close-uppho-
tographs. Upstreamof the small centertube(fig. VIII-9), theflow is all liquid. Thecentertube
createsa significantpressuredropnearthe tubeoutletwheretheincomingliquid approachesits
saturationor boilingtemperatureandthenprovidesa spray-type, flashingdischarge. Thevapor-
izationof a small portionof theflowby flashingprovidesthevapor requiredto initiate boiling,
andtherebyeliminatesthebubble-nucleationproblem. Furtheremore, sincetheflashinglocation
is fixed bythe center-tubeoutlet, initiation of boiling is fixedandknown. Downstreamof the
spray (fig. VIN-10), anannularflowpattern is quicklyestablished,with the liquid spiraling along
thetubewall andthevaporflowingdownthe centerof thetube. Theliquid-vaporinterfaceis
wavybutapparentlyunbroken.
In summary,a center-tubeinsert shouldeliminatethebubblyandslug-flow regimesentirely,
decoupletheupstreamfeedcomponents,providepositiveresistance, andforcibly initiate boiling
at a fixed locationwitha prescribedflow regime.
At theboiler-tube outletit is desirableto providedroplet-freevaporwithvapor superheatof
the order of 100° F to easeturbine operatingproblems. Toprovide for droplet-free, superheated
vapor, boiler tubescanbedesignedto centrifugetheheavierdroplets in themist flow regimeto
thetubewalls. Typical inserts that havebeenusedto accomplishthis includetwistedtapes,
spiral ribbons, andhelical springs, as shownin previousfigures.
Representativeheat-transferdatafor a potassiumboiler tubeillustrating theeffectivenessof
sucha devicein achievingvapor superheatare shownin figure VIII-11 asa functionof vaporqual-
ity andsuperheat. Dataare shownfor a hollowtubeandfor a twistedtapeinsert. With a hollow
tube, a quality of less than90percentcouldbeachieved. Useof a twistedtapewitha pitch-to-
diameterratio of 2 resulted in a vaporsuperheatof about200° F. Theheat-transfercoefficient
in the midqualityregionwasroughlythesamefor thetwoconfigurations.
Of the l_igh-qualityregion inserts, the helicalspringappearsto bemostadvantageousbe-
causeliquid dropshavenoopportunityto streamalonga surfacethat extendsto the centerof the
tube, as hasbeenobservedwith twistedtapes. Curvingtheboiler tube, suchasin the SNAP-50
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boiler design,will alsoaid in separatingthetwophases. All the inserts, however,penalizethe
systemby increasingthepressuredropfor theboiler, generallyby a factor of 2 or moreover
that for a hollowtube.
Stability studiesof two-phasecomponents,particularly boilers, havehistorically beenham-
peredby lackof dynamicdatawithwhichto evaluatemathematicalmodelsandanalyses. Lewis
hasbegunresearchin componentandsystemdynamicswith waterandFreonas convenientwork-
ing fluids. Briefly, thetechniqueusedin this researchconsistsof varyingby a small amounta
parametersuchasweightflow, sinusoidallyovera rangeof frequencies. Theresponseof one
variable with respectto anothercanbeobtainedsolely in terms of frequency. Comparisonwith
analyticalmodelsthenallowspossiblesourcesof instability to bepinpointed. Considerablymore
experimentaldataare neededbeforegeneralizedmodelsof two-phasedynamicbehaviorcanbede-
velopedandverified.
Condenser
In general, more is known about the condenser than about the boiler. Successful operation of
both convectively cooled and radiantly cooled multitube potassium condensers has been achieved
over a range of vapor temperatures that exceeds the 1350 ° F called for in figure VIII-1. No seri-
ous instabilities were encountered over the wide range of operating conditions covered, even when
the pressure drop across the units was essentially zero.
Views of the seven-tube, convectively cooled, potassium condenser are shown in figure
VIII-12. The condenser was of a "hockey stick" design to facilitate thermal expansion and was
72 inches long. The condenser was made of 316 stainless steel. NaK was used as the coolant
fluid, and flowed countercurrent in the shell. Data were obtained up to 1500 ° F.
Temperature profiles of both the condensing fluid and coolant shell for one run are shown in
figure VIII-13 as a function of distance downstream from the vapor inlet. The vapor (flowing from
left to right) entered the condenser at 1400 ° F with an inlet quality of 86 percent. The pressure
drop, and hence the saturation temperature change, was negligible for these data. Thus, the tem-
perature of the condensing vapor can be assumed to remain constant at the inlet value until the
vapor is completely condensed, indicated as the interface in the figure. Thereafter, the condensed
fluid temperature subcools rapidly, reaching substantially the temperature of the coolant shell
within a few inches downstream from the interface.
The coolant fluid, flowing countercurrent to the condensing fluid (right to left in the figure),
enters the condenser at 1284 ° F. The shell temperature is substantially constant at this value un-
til the interface is reached, then it increases as condensing occurs, reaching a value of 1348 ° F
at the coolant flow outlet.
Typical coolant-shell temperature profiles for various coolant inlet temperatures are shown
in figure VIH-14 again as a function of length from the vapor inlet. These data were obtained with
constant inlet conditions (1400 ° F inlet vapor temperature), a constant coolant flow rate, and a
measured pressure drop across the condenser of less than 1 pound per square inch. *the vapor
temperature profiles are not shown. They are similar to those discussed in figure VIII-13.
namely, constant temperature of 1400 ° F during condensing and temperature approaching that of
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.thecoolantjust downstreamfrom the liquid-vaporinterface. Thelocationsof the liquid-vaporin-
terfacesare indicatedby thearrows. Thecondensinglength, measuredfrom thevaporinlet, in-
creasesrapidly with increasesin coolantinlet temperature,changingfrom 91to 44 inchesfor a
changein the coolantinlet temperaturefrom 1194° to 1304° F. Witha coolantinlet temperature
of 1315° F, completecondensingof thevapor wasnotobtainedin the 72-inchlengthof the con-
denser.
Thetwo lower curves (fig. VIII-14) representtypical datafor highheatflux valuesnearthe
vaporinlet. Thecondensinglengthsfor thesetwo conditions,in whichlarge temperaturediffer-
encesbetweenthevapor andcoolantfluid exist, canbepredictedbyvery simpleanalyses. On
theother hand,thetwouppercurvesindicatea nearabsenceof heattransfer (lowheatflux) near
thevaporinlet dueto the small temperaturedifferencebetweenthevapor andcoolant. Thecon-
densinglengthsobtainedwith small vapor-to-coolantemperaturedifferencescannot,asyet, be
predicted. Theproblemis that the local pressure, andhencelocalvapor saturationtemperature,
in the entranceregionof the condensertubescannotbeaccuratelypredictedfor theprevailing
two-phaseflow. Thus, anaccuratevapor-to-coolantemperaturedifferencecannotbecalculated
whensmall differencesare involvedwith theresult that significanterrors in calculatedcondens-
ing lengthscanbemade.
TURBINE
Turbine-Rotor Materials
The materials problems in the turbine rotor are substantially different from those of just
containing liquid potassium as discussed in paper VII. In particular, there is very little liquid
potassium in the turbine, the turbine rotor is highly stressed because of its high rotational speed,
and the turbine rotor is not required to have the same levels of ductility and weldability as does
most of the power system. Materials having high density such as tantalum would increase the
stress on a rotating component. Hence, there has been an increased emphasis on materials of
lower density, such as molybdenum and columbium.
The high stress in the turbine rotor is an item of concern because high stress produces
creep. For highest efficiency, potassium turbines are designed with small operating clearances.
Therefore, to maintain the original clearances, the selected material must undergo only small
amounts of creep during the life of the turbine at the elevated operating temperature.
Thus, alloys for this application are usually the most creep resistant that can be fabricated
from a particular alloy base. In general, the alloy must be forgeable and exhibit some ductility;
generally, 5 or 6 percent elongation at room temperature will suffice. Other important require-
ments include corrosion and erosion resistance.
In the selection of materials for high creep strength, many alloys were screened in high-
temperature creep tests in high vacuums. In figure VIII-15, creep data are shown for the molyb-
denum base alloy TZC, which was the most creep resistant of the candidate turbine materials.
The figure illustrates the creep as a function of time at three different stresses and temperatures.
After 10 000 hours, an applied stress of 20 000 pounds per square inch at 2000 ° F results in
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0.5 percent creep, 19 000 pounds per square inch at 2056 ° F leads to 0.25 percent creep, and
25 000 pounds per square inch at 1856 ° F gives 0.18 percent creep.
It is also desirable and important that allowable stress to limit creep to a low value be pre-
dictable for other temperatures and times. In figure VIII-16, the data are presented in terms of
stress as a function of the Larson-Miller parameter, which relates temperature and time to
stress for a given percentage creep, in this case, 0.5 percent creep.
Of the several alloys that have been considered as turbine rotor materials, three are pre-
sented in this plot: the previously discussed TZC, a columbium alloy Cb-132M, and the molyb-
denum base TZM. Typical allowable stresses for 0.5 percent creep for TZC in 10 000 hours are
20 000 pounds per square inch at 2000 ° F and 30 000 pounds per square inch at 1800 ° F. The
strength of the columbium alloy Cb-132M degrades more rapidly at high temperature than TZM
and TZC.
A turbine material must also be resistant to corrosive attack by potassium vapor. Figure
VIII-17 shows the results of a 5000-hour test in potassium vapor at 2000 ° F. The TZM alloy was
tested in the form of segmented ring inserts located internally in the columbium - 1-percent-
zirconium capsule. From the microstructures shown, no attack occurred as evidenced by the
smooth surface of both the inside and outside diameters of the ring segment and the lack of any
penetration either at the surface or at the grain boundaries. Also, the weight change in the five
segments tested was less than 0.07 percent of the total weight. From this test and other support-
ing investigations, it is believed that the stronger molybdenum alloy TZC will also be compatible
with the potassium vapor since there are only minor changes in composition from the TZM.
Potassium Expansion Process
The expansion of potassium vapor through the turbine is similar to the expansion of steam.
When the expansion takes place in the wet vapor region, the question arises as to where condensa-
tion takes place initially. In addition, potassium vapor is composed of both monatomic and di-
atomic species, the amount of each varying with temperature. When the vapor expands through
the turbine with decreasing temperature, the proportion of monatomic to diatomic vapor could
change. This poses an additional question as to the type of nozzle expansion process experienced
by potassium. A knowledge of this process is required to size the flow passages within the tur-
bine. It is this sizing that determines the pressure distribution and work split between the tur-
bine stages.
Consequently, nozzle expansion data have been accumulated for initially saturated vapors at
temperatures to 1600 ° F. Although not a perfect gas, it was determined that, for practical pur-
poses, the expansion follows the polytropic process equation pv n = c. The value of the exponent
n fell between 1.4 and 1.5. For the temperature range considered, condensation did not take
place before the throat, or minimum area, of the nozzle. Independent measurements of pressure
distribution and weight flow indicate that both flow and pressure distribution are predictable for
potassium turbines.
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Two-Stage Potassiu m Turbine Test
Description. - A two-stage turbine was fabricated and tested under contract by the General
Electric Company. Figure VIII-18 is a photograph of the rotor prior to testing. The diameter of
this rotor is about 10 inches. The buckets were constructed of the nickel-base alloy Udimet 700.
Figure VIII-19 shows a partial assembly of the turbine with the rotors installed. Two types of
tests were conducted, namely, a short-time performance test to determine blade performance,
and an endurance test to determine the erosion characteristics of the turbine.
Performance. - For the performance test, potassium vapor was used at an inlet temperature
of 1550 ° F. The inlet vapor was essentially saturated, in that the inlet quality was considered to
be 99.5 percent. Figure VI_-20 presents the performance results in terms of static efficiency
as a function of turbine pressure ratio for a constant speed of about 19 000 rpm. The solid curve
was predicted prior to testing by using standard gas turbine practice and perturbing the results
for moisture effects. At design pressure ratio the efficiency is seen to be approximately 70 per-
cent. The experimental trend at off-design conditions follows closely the predicted curve. In
general, then, there appears to be no particular problem in predicting the performance of potas-
sium turbines.
Endurance. - The potassium turbine operating conditions for the endurance test are as
follows:
First stage:
Inlet temperature, OF
Inlet quality, percent
Second stage:
Inlet temperature, OF
Inlet quality, percent
.................................... 1500
.................................... 99.5
.................................... 1390
.................................... 96.7
770Tip speed, ft/sec ......................................
Exit:
Temperature, OF ....................................... 1260
Quality, percent ....................................... 92.5
As the vapor expands through the turbine, both temperature and quality decrease. The lowest
quality (or highest moisture) and maximum blade speed occur in the second stage. If erosion
takes place, it would be expected to show up on the second-stage wheel. Tip speed is shown ra-
ther than rotative speed because it is indicative of the impact velocity between the heavy drops of
liquid traveling at relatively low speed and the wheel buckets. Eight of the Udimet 700 nickel
buckets were removed from the second-stage wheel and replaced with molybdenum-base buckets,
four each of TZM and TZC. The turbine was then assembled and the endurance test begun. Data
taken periodically throughout the test showed that the turbine performance remained constant.
The endurance test was interrupted at the end of 2000 hours, and the turbine was dismantled.
Figure VII'I-21 is a photograph of the second-stage wheel after 2000 hours of operation. The
wheel was vapor blasted to remove small amounts of residual potassium that had clung to the sur-
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faces. Little or no erosion resulted from the 2000-hour test. The leading edges and bucket tips
were still sharp and retained their original shape. Some of the original machining marks were
still visible. The buckets were then removed from the wheel and weighed. The average weight
change of the buckets was as follows:
Material Average
change,
percent
U-700 -0.019
TZM -. 105
TCZ -. 102
The loss in weight amounted to about 0.1 percent for the molybdenum specimens and even less for
the nickel alloy. These minute changes in weight and the condition of the buckets led to the conclu-
sion that erosion was not a factor for the given conditions of operation for any of these materials.
The turbine was then reassembled, and the endurance test continued. When the total elapsed
time amounted to about 4300 hours, the performance of the turbine remained unchanged, which
would indicate that if any erosion had occurred, it had been tolerable.
Low Exit Quality
Recent experience has shown that a turbine exit quality of 93 percent, or a liquid content of
7 percent, results in negligible blade erosion. However, the cycle in figure VIII-1 results in a
liquid content of 10 to 15 percent at the turbine exit. Whether or not this increased liquid content
results in acceptable blade erosion has yet to be investigated. For this reason, the two-stage
potassium turbine just discussed will be modified to have three stages. This three-stage turbine
will be subjected to performance and endurance tests the same as those given the two-stage tur-
bine. At the conclusion of the tests, it will be known more definitely if the desired liquid contents
of 10 to 15 percent at the turbine exit are acceptable.
TURBOGENERATORPROBLEMS
To obtain a satisfactory configuration for the potassium turbogenerator, the design con-
straints imposed by all its components must be considered. As shown in figure VIII-22, this unit
will consist of four major parts, namely, (1) an axial-flow turbine with five to eight stages, (2) a
solid-rotor inductor alternator with an externally cooled stator, (3) a set of bearings, and (4) the
necessary seals.
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• Bearings and Seals
A number of different designs and arrangements can be chosen for each of these major com-
ponents and, as a result, a number of different turbogenerator configurations are possible. These
different approaches may be explained by referring to table VIII-1 where the designs that may be
used for the lubricant system, the seals, and the generator are listed.
Because potassium vapor is passing through the turbine, it is natural to consider using liquid
potassium as the lubricant in the bearings. Both the shaft bearings would thus be supplied with
liquid potassium. Between the turbine rotor and the bearings a labyrinth seal would be required
to separate the potassium vapor in the turbine from the liquid in the bearing cavity. If a similar
seal is used between the bearings and the generator rotor, there would also be potassium vapor in
the generator rotor cavity. Then a special seal would be required to keep the potassium out of the
generator windings. The nature of this seal is discussed further later in the section Generator
Materials.
It would also be possible to avoid the problems associated with potassium in the generator
rotor cavity by venting this chamber to space vacuum. In this case, a potassium-to-space seal,
such as the one described for mercury in the SNAP-8 system, will be required for the generator
seals to prevent excessive loss of working fluid. Although there are complications associated
with the potassium-space seal, this arrangement would have the major advantage of avoiding the
possibility of potassium vapor damage to the generator stator.
Another design approach for the turbogenerator unit is to use oil as the lubricant for the bear-
ings. If this approach is chosen, there will be oil in the bearing just adjacent to the turbine, and
special precautions must be taken to avoid contamination of the potassium working fluid with the
oil and also to avoid contamination of the oil with potassium. The seal between the turbine and
the bearings would consequently consist of two seals, one seal between the potassium and the
space vacuum, and another between the oil lubricant and the space vacuum. Such seals between
oil and space vacuum have been developed for the SNAP-8 unit (see paper VI). This seal tech-
nology may also be utilized in the design of the potassium-space seal. With oil lubrication in the
bearings, it is necessary to vent the generator rotor cavity to space vacuum in order to prevent
oil vapor from coming into contact with the high-temperature rotor and stator parts and causing
thermal decomposition of the oil vapor. An oil-to-space seal is therefore also required for the
generator seal if oil lubrication is used.
Thus, the turbogenerator configuration will indeed be affected substantially by the choices
made for its bearings and seals. There are two main approaches: for the first approach, conven-
tional oil bearings and the space seal technology developed under the SNAP-8 program can be
used (see paper VI). For the second approach, potassium-lubricated bearings with rotating space
seals can be used, or a special static seal can be used to keep potassium out of the generator stator.
Liquid-Metal Bearing Experience
If potassium is chosen as the lubricant for the turbogenerator, fluid-film bearings will be
used. In this type of bearing the load-carrying capacity is provided by pressures generated within
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thefluid film, androlling, or rubbing, contactdoesnotoccur. Direct bearingmaterial wear or
fatigueis, therefore, nota problem. Whenpotassiumis usedas a lubricant, thesefluid-film
bearingscanalsodevelopa large load-carryingcapacitywith a moderatebearingpowerconsump-
tion. Thepowerloss for suchbearingsfor a 300-kilowattturbogeneratorunit, for example,is
not expectedto exceeda fewkilowatts. Thepotassiumlubricatedbearingis alsowell suitedfor
high-temperatureoperation.
Nowthattheadvantageshavebeendescribed,thefollowingquestionsremainto beanswered:
(1)Whatare the problemsfor this typeof bearing?
(2)Whatresultsare availableto indicateselectingit for the spacepowersystem?
Theproblemsthat mustbesolvedfor a potassium-lubricatedbearingfor this useare as follows:
(1)Bearinginstability mustbeavoidedunder the light loadsassociatedwithzero-gravity op-
erationof theturbogenerator.
(2)Differential thermal expansionandhousingdistortion mustbeaccommodatedby special
flexible or pivotingmounts.
(3) Materials are required that are compatible with high-temperature liquid metals.
These problems are the same in general as those for Brayton cycle turbomachinery discussed in
paper V. This is indeed the case as shown by a comparison of the results. To solve the problem of
obtaining stable liquid-metal bearings, numerous tests have been run at Lewis and other research
centers on different bearing configurations. From those tests, the preloaded pivoted pad bearing
(fig. VifI-23)is attractive. A tilting pad bearing, the cylindrical journal, and a pivot are shown at
the bottom of the figure, and the assembled bearing with three pads installed is shown at the top.
This bearing is the most stable type at very small applied loads since the tilting pad is inherently
stabilizing. This type of bearing also has advantages for service in the high-temperature turbo-
generator because the individual pads are self-alining and can correct for housing distortion.
Several types of full cylindrical bearings have also been investigated for liquid-metal use.
This type of bearing employs different types of grooves and other modifications to obtain stable
operation at light loads. Figure VIH-24 shows the herringbone groove bearing, which is a smooth
cylindrical bearing with a journal containing herringbone grooves. This type has proved to be the
most stable bearing in tests at Lewis. Other cylindrical-bearing configurations, however, have
also been operated stably at high speed and light loads.
The bearing for use in the potassium turbogenerator must accommodate differential thermal
expansion and housing thermal distortion. Figure VIH-25 therefore illustrates use of a flexible-
mounting diaphragm to allow for differential motion of shaft and bearing. The pivots that provide
bearing stability are also shown. This approach is the same as that used for the gas Brayton
cycle system (paper V). If a full cylindrical bearing were used, a flexible mount to accommodate
misalinement would also be needed.
A summary of the accomplishments of NASA and other agencies and their contractors shows
that substantial experience has been accumulated with liquid-metal-lubricated bearings. Results
obtained with a number of different fluids are as follows:
(1) Water has been used extensively to study the hydrodynamic characteristics of bearings,
because water closely simulates liquid metals in this respect.
(2) For NaK, 3200 hours of endurance operation on pivoted-pad bearings has been achieved at
325 ° F. Additional tests were run on pressurized and hydrostatic journals in pumps at 1200 ° F.
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• .(3) For sodium, high-speed tests were made at 8000 F, and tests of the pivoted-pad and the
herringbone-groove-type bearings showed the best stability. Low-speed tests have also been
conducted for periods of 20 000 hours at temperatures up to 1100 ° F.
(4) Bearing tests have also been made on lithium to 800 ° F extending to 2100 hours.
(5) Potassium bearings have operated continuously for 1500 hours at temperatures to 600 ° F,
and endurance tests on these bearings are presently continuing. Additional tests have been run at
temperatures as high as 1200 ° F.
In the high-temperature sodium tests on pivoted-pad bearings, one possible problem en-
countered was the rapid pivot wear. A flexible-diaphragm mount has also been used for elimina-
tion of the pivots and thus elimination of the problem of pivot wear. This is a matter that will re-
quire continued investigation.
Bearing Materials
Not only must bearings be selected that are stable and that can accept the thermal transients
of power system operation, but also bearing materials must be selected that are compatible with
one another and with the alkali-metal lubricant. In selecting materials for liquid-metal-lubricated
bearings, it is necessary first to see under what conditions the bearings must operate and what
material properties will allow such operation. First, the bearings must operate in liquid metals,
and thus corrosion resistance is required. Second, smooth lubricant flow passages are neces-
sary; the material must be fabricated with a smooth surface that must be maintained. To main-
tain the surface, the material must resist abrasive damage; thus a high hardness is required. A
high hardness of bearing materials has also been shown necessary in actual bearing tests.
Because the clearances in these bearings are very close, it is necessary for the materials to
be dimensionally stable. Since the clearances are so small, a close match in thermal expansion
between the bearing and shaft material is desirable since this would ease the design problems.
The last property to be considered here is the thermodynamic stability of the material.
While dynamic stability is not a design requirement, it is a materials requirement because any
elements transferred out of the material could ruin its structural integrity and make it unaccep-
table.
Many materials have been evaluated for this application, and table VIII-2 lists the properties
that have been discussed, namely, coefficient of thermal expansion, Vickers hardness number,
and material stability, both dimensional and thermodynamic. Three candidate bearing materials
and two potential shaft materials are indicated. The bearing materials are titanium carbide -
10 columbium and two tungsten carbide materials, one bindered with a refractory metal and the
other with cobalt. The shaft materials are the molybdenum base TZM and the cobalt-base Nivco.
The coefficient of thermal expansion, where a close match is desired, is shown for the ma-
terials; they do match well for the TZM and the tungsten carbide bearing materials, while there
is some difference in the titanium carbide - 10 columbium. The Nivco is considerably different
from all the other materials. Design studies are yet to be made on actual hardware to define
what can be accomplished with these materials.
The Vickers hardness numbers for all the bearing materials have been measured and are
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quitehighfor thecandidatesin tableVIII-2; thustheywouldbeexpectedto resist abrasion. The
dimensionalstability of materials testedin potassiumat 1200° F for 1000hourswasevaluated,
andall thecandidateshadnegligiblechanges.
A measureof thermodynamicstability is the amountof carbontransferred from thebearing
material to a columbium- 1-percent-zirconiumcapsule. Thecarbontransfer wasvery low for
all the materialstestedat 1200° F. At 800° F, notransfer of carbonwasobservedfor anyof the
materials listed. Corrosion resistance was evaluated in this test also, and there was no observed
attack; this evaluation is based on visual, chemical, and metallographic examinations.
Generator Materials
The design features of an electrical generator for space applications are discussed in
paper V. Just as for the Brayton system, the potassium Rankine generator will have a solid ro-
tor. The differences are the higher operating temperature of the Rankine cycle generator and
the possible presence of potassium vapor in the rotor cavity. Because of the meager information
on electrical materials above 400 ° F, various candidate materials were tested in order to deter-
mine their electrical capabilities at high temperatures.
The cobalt-base alloy Nivco is a candidate rotor material. Nivco has a combination of high
creep strength and acceptable magnetic properties. Figure VIII-26 shows creep curves for vari-
ous temperatures and stresses. After 7000 hours at 1100 ° F with an applied stress of 37 500
pounds per square inch, Nivco has undergone only 0.8 percent creep. The creep curves provide
design data in the 1100 ° F temperature range.
The next functional part of the generator to be considered is the stator. The laminations
were made of the iron-base magnetic material Hyperco 27. Insulations were typically high-
purity alumina except for that on the nickel-clad silver conductor. That insulation was Anadur-E
glass plus refractory oxides, and the end-turn potting compound was phosphate-bonded zirconium
silicate.
Figure VI_-27 shows a statorette constructed of the following electrical materials:
Component Material
Magnetic material
Interlaminar insulation
Slot insulation
Electrical conductor
Conductor insulation
Potting compound
Fe-27Co
Alumina
Alumina
Nickel-clad silver
Anadur-E glass plus
refractory oxides
Phosphate-bonded
zirconium silicate
The assembly shown is representative of a 15-kilovolt-ampere 3-phase generator stator and has
been tested in vacuum for 5000 hours with a hot-spot temperature of 1100 ° F. The photograph
was taken after the 5000-hour test; the appearance of the assembly was unchanged by the test.
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Thepropertiesmeasuredwerethe conductoresistanceandinsulationresistance. Figure
"¢III-28 shows that the conductor resistance for the 5000-hour test was constant for the duration of
test, which is indicative of material stability and lack of metallurgical interactions.
The insulation resistance (fig. VIII-29) was measured for both phase to phase and phase to
ground. The resistance did not degrade; in fact, it actually improved. This improvement is the
result of outgassing of water vapor and other volatile residuals that are being removed by the high
vacuum.
Two solenoids and a transformer constructed of these same materials are shown in figure
VIII-30. These units were tested in vacuum for 5000 hours with a hot-spot temperature of
1100 ° F. The two solenoids operated for 5000 hours, with one continuously energized and the
other energized at 170-hour intervals to check for the occurrence of diffusion bonding. Continu-
ously energizing the solenoid added a direct-current voltage to the thermal effects in a nonener-
gized solenoid. No diffusion bonding occurred, and both solenoids were operating satisfactorily at
the end of the test. The transformer test was lessened in value by a voltage surge from a power
supply. The transformer exhibited electrical continuity after the test, and evaluation will deter-
mine the full extent of the failure and what data may still be obtained.
With p_tassium-lubricated bearings and conventional shaft seals, potassium vapor would be
present in the generator rotor cavity (see section on Bearings and Seals). While the solid rotor
will not be attacked by the vapor, the insulation in the stator windings will be attacked, and there-
fore, potassium vapor must be excluded from the stator assembly. The ceramic bore seal shown
in figure VIII-31 performs this function. A ceramic bore seal is used because any metallic ma-
terials will give eddy current losses. These losses result in heat buildup and a loss of efficiency
in the generator.
The ceramic is likely to be beryllia mainly because of its high thermodynamic stability. An
added benefit of beryllia is its high thermal conductivity in comparison with other oxides. A high
thermal conductivity will reduce temperature differentials and thus diminish the likelihood of
cracking the bore seal.
To exclude potassium vapor from the stator totally, other vapor paths to the stator must also
be blocked off by attaching the ceramic bore seal to the generator housing and thus indirectly to
the bearing and seal housing. This attachment is made by a metal member that must be thin and
flexible to allow for thermal expansion mismatches between the ceramic and the generator hous-
ings. This construction requires a ceramic-to-metal braze joint that must be leak tight.
This joint is one of the major problems in bore seal construction. A ceramic-to-metal joint
is usually made by using an active metal braze, that is, a braze alloy that contains elements
which, when molten chemically, react with the surface of the ceramic. This reaction then allows
the braze material to wet the surface and thus promotes a good braze joint.
Tests have been conducted on a number of braze alloys. The joint efficiencies range from
60 to 98 percent, that is, the joint strength can be 98 percent as strong as the ceramic beryllia
which typically has a modulus of rupture of 2 5 000 pounds per square inch.
It has been stated that the ceramic-to-metal joints must be leak tight. To check this, assem-
blies were made with 2-inch-diameter beryllia cylinders f_tted with columbium - 1-percent-
zirconium end caps. The assemblies tested showed no leakage within the limits of sensitivity of
measurement.
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PUMPS
The four-loop system shown in figure VIII-1 requires four pumps, one in each loop. For the
SNAP-8 program, considerable experience has been gained with motor-driven pumps. Figure
VlII-32 shows a motor-driven centrifugal pump described in paper VI. It pumps NaK in the reac-
tor loop of the SNAP-8 system at 1100 ° F and has accumulated 3000 hours of endurance on a sin-
gle pump. A pump of this type is thus a candidate for use in three of the four loops. The opera-
ting conditions are as follows:
Speed, rpm ........................................... 5800
Head rise, psi ........................................... 35
Flow, ib/hr .......................................... 35 300
Input power, kW .......................................... 4.6
Overall efficiency, percent .................................... 35
In the reactor loop (fig. VHI-1) the fluid temperature is quite high at the pump inlet, about
2000 ° F. Use of a motor-driven centrifugal pump at this point in the system would require ther-
mal isolation of the motor from the pump in order to limit the motor temperature to the 1100 ° F
for which considerable experience has been gained with electrical materials. Although such ther-
mal isolation has been successful in the SNAP-8 program, a motor-driven pump for this applica-
tion has not actually been built.
Electromagnetic Pumps
The electromagnetic induction pump is also a candidate for this service. One of the attrac-
tive features of the electromagnetic pump is that it is mechanically simple; it has no shaft, bear-
ing, or seal. However, it is not without problems. On the good side of the ledger is the consid-
erable experience obtained to date with electromagnetic pumps in ground installations. They have
operated for thousands of hours at fluid temperatures to 2000 ° F. For example, in one of the cor-
rosion loops, a helical induction pump has circulated sodium at 1990 ° F for 5000 hours (paper VII,
fig. VII-25).
The experience with pumps of this type does not mean, however, that a 2000 ° F pump is avail-
able for use in the reactor loop. The purpose of the pumps to date has been simply to pump liq-
uids at high temperature in a pipe that will contain it. Consequently, the pumps are heavy with
much external cooling to eliminate temperature problems. Efficiencies have been typically less
than 5 percent, compared with 35 percent for the SNAP-8 mechanical pump just described. What
is required, then, is to increase the performance level, while at the same time decreasing the
weight.
Figure VIII-33 shows a pump that is designed to have an acceptable level of performance. It
is a helical induction pump under development as a boiler feed pump. The operation of this pump
is exactly the same as an induction motor. The stator is wound to produce a rotating magnetic
field. The core of the pump is an annular pipe containing a helix and liquid potassium, which is
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electrically conductive. The rotating field causes the potassium to follow a helical path through
the duct, in this case from right to left. The pressure of the potassium is continuously increased
as it passes through the helical passage within the field of the stator. The stator is thermally in-
sulated from the high-temperature-pump cell. The pitch of the helix is larger on the inlet side of
the annulus to avoid cavitation by lowering the velocity at the pump inlet. It should be possible to
design such pumps to accept near-boiling fluid at the pump inlet.
The pertinent design point data for the pump under development are as follows:
Head rise, psi .......................................... 240
Flow, gal/min .......................................... 33
Temperature, OF ........................................ 1000
Efficiency, percent ........................................ 20
The 20-percent efficiency is a considerable improvement over present high-temperature electro-
magnetic pumps, but it is still lower than that obtainable from mechanical pumps. It is a trade-
off, then, between simplicity and efficiency. The pump is to develop a pressure rise of 240 pounds
per square inch with a flow equal to that required for a 300-kilowatt system. Although the design
fluid temperature is 1000 ° F, the pump is to accommodate liquid potassium to 1400 ° F, and it will
be tested at this higher temperature.
In order to increase the temperature level of electromagnetic pumps, use will be made of the
advancements in magnetic materials such as those previously described for the generator. Also,
the versatility of remotely inducing an electrical force on the conductive potassium makes other
types of electromagnetic pumps worth considering. Such studies are underway.
RADIATOR
For the waste-heat rejection system, the liquid coolant from the condenser is pumped to the
radiator where it rejects the waste heat by thermal radiation to space. One problem of the radia-
tor is that the pipes through which this liquid flows must be protected against meteoroid penetra-
tion. Early meteoroid penetration estimates were based on indirect measurements such as the
audible clank or flash of light produced by an impacting meteoroid or the visible light and ioniza-
tion produced by a meteor in the Earth's atmosphere. A considerable amount of interpretation
and speculation was required in order to use these data to predict the amount of meteoroid armor
required. Recent data from the Explorer and Pegasus satellites have substantially improved our
knowledge of this meteoroid problem. The satellites now yield data in the desired final form,
namely, on the frequency of penetration of metallic surfaces, as shown in figure VI_-34. Al-
though the Pegasus data and much of the Explorer data were obtained on aluminum surfaces, they
have here been converted to stainless steel by use of the correlating equation of Summers.
The solid line represents a 1963 projection of the data available at that time. The new data
lie substantially on this line for thicknesses of a few mils, but for thickness less than 1 mil, the
data are below this early prediction. In the range significant for radiator design, the early pre-
diction is still valid.
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On the other hand, the ideas of radiator design have been changing (fig. V]II-35). The ar-
mored tube and fin is an early approach. Liquid coolant passes through the tubes. The armor
surrounding the tubes protects them from meteoroid penetration. Heat from the liquid is conduc-
ted through the armor and into the fins. Both the upper and the lower surfaces then radiate this
heat to space. If a meteoroid punctures a fin, a very small amount of surface area is lost, and
the ability of the radiator to radiate waste heat drops by a negligible amount. On the other hand,
puncture of a tube would allow the coolant to leak out, a generally catastrophic event. For this
reason, the tubes are heavily armored and spaced far apart. Because tube spacing is limited by
the temperature drop resulting from heat conduction through the fins, copper clad with stainless
steel is a good material from which to build the fins.
The bumper-fin concept protects the tubes by a meteoroid bumper. A meteoroid that strikes
the radiator surface is shattered with the result that only a diffuse spray of smaller particles im-
pinges on the vulnerable tubes. Because this concept employs thermal conduction to carry the
heat from the tubes to the radiating surfaces, the problem of temperature drop in the fins is much
the same as in the armored tube and fin.
The vapor-chamber-fin concept retains the ability of the bumper-fin to protect the tubes from
meteoroid penetration, but it improves the heat-transfer characteristics by adaptation of the ubiq-
uitous heat pipe. Heat is transferred in the following way: The radiator contains a large number
of box-like compartments, one of which is shown in figure VIII-35. This box is lined with a wick
that is a thin layer of porous material such as wire cloth or sintered metal powder. Enough liq-
uid metal is put into each compartment to saturate the wick. The central cavity contains only the
vapor from this liquid metal. Heat from the tubes is conducted to the wick, and thereby some of
the liquid in the wick is vaporized. Vapor within this cavity condenses on the two radiating sur-
faces of the radiator. The condensate thus formed is then transported by capillary forces back to
the heating surface, where it is again vaporized. By this convection of metallic vapor and liquid,
heat is transferred from the tubes to the radiating surfaces. Because the effective thermal con-
ductivity of the vapor chamber fin is high, not only may the tubes be far apart but also the radia-
tor size may be reduced.
For the vapor-chamber-fin concept, the entire radiator surface is vulnerable to meteoroid
penetration. This vulnerability would be a detriment if it were not for the compartmentization of
the radiator. A typical radiator might contain of the order of 100 such compartments of which
10 percent might be sacrificed during the mission; in other words, 10 punctures during the mis-
sion would result in a 10-percent loss of heat-rejection capacity, a factor easily adjusted for by
making the radiator just a bit larger than required. By the combination of improved meteoroid
protection and improved lateral heat transfer within the radiator, radiator weight is approximately
halved.
Emissive coatings are required for the radiating surfaces. Bare stainless steel radiates only
20 percent as much heat as does a blackbody, therefore, investigations have been made of coatings
that have high emissivity. Calcium and iron titanates are the two best coatings to date. Their
characteristics are shown in figure VIII-36. The iron titanate has now been endurance tested for
.f
222 months and the calcium titanate for a full 2 years. The two specimens still have an emis-
sivity of 0.88.
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Coatingshavealsobeensubjectedto additionaltests. For example,eachtest specimenhas
endured88thermal cyclesbetweenroomtemperatureand1350° F. Fatiguespecimenshavebeen
testedin a standardfatiguemachinefor as manyas 106stress cycles. For someof the fatigue
specimens,thecyclic stress washighenoughto fracturethe stainlesssteel. Throughall these
thermalandstress cycles, the coatingshavetenaciouslyadheredto themetal surfaces, even
right up to edgeof a fracture. Theenduringqualitiesof thesecoatingsgiveevery indicationof
their suitability for useonthesehigh-temperatureradiators.
CONCLUDING REMARKS
In both this discussion and the discussion in paper VII the technology of potassium-vapor
Rankine-cycle turbogenerator power systems has been reviewed, and our work on a variety of
constituent problems of these systems has been discussed. On the bases of corrosion and strength,
maximum temperatures of 2200 ° to perhaps 2400 ° F appear practical (paper VII). Satisfactory
thermodynamic data for design of such a powerplant are now available. Adequate information has
been obtained on the heat-transfer coefficients and pressure drops of boiling and condensing po-
tassium, and our general knowledge of the problem of boiling stability is advancing. Tolerable
turbine blade erosion has been experienced at qualities as low as 93 percent, and investigation of
lower values is planned in the near future. Design information on bearings, seals, pumps, and
electrical materials is accumulating. The thermal design of radiators is improving, and the me-
teoroid satellites provide additional confidence that reliable radiators can be designed.
The program at Lewis is now beginning to change in its general character by a shift from the
general accumulation of design data into component demonstration. Over the next few years, the
major components of such a power system should be ready for testing.
Considerable effort lies ahead in building and testingthe first real refractory components typi-
cal of advanced Rankine power systems. These components will draw on the fabrication procedures
described in paper VII, and special facilities will be required in order to provide the high vacuum
specified. Testing of these components and testing of the complete power system will undoubtedly
reveal problems presently unknown. In order to obtain the performance and long life required for
the high-power missions of the future, extensive design and testing of these advanced components
are planned over the next 10 years, drawing on the base of technology described herein.
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TABLE VIII-1. - LUBRICANT, SEALS, AND
GENERATOR DESIGN
Bearing
lubricant
Potassium
Potassium
Oil
Turbine seal
Potassium -
potassium
Potassium -
potassium
Potassium -
space
Oil - space
Generator seals
Potassium -
potassium
Potassium -
space
Oil - space
Generator cavity
Potassium vapor
Vacuum
Vacuum
TABLE VIII-2. - PROPERTIES OF BEARING MATERIALS AT 1200 ° F
Materials Coefficient
of thermal
expansion,
OF-1
tricker;
hardness
number
1000 hr in )otassium
Dimensional
c'_nge,
percent
Carbon
increase
in Cb-lZr
capsule,
ppm
Bearing
TiC- 10Cb
90WC-2CbC-8Mo
74WC-20TaC- 6Co
1 I
4. OOxlO -6 810 [ O. 008 [ 0
2.62 ] 1800 [ .07 [ 402.97 L1020 .014 45
Shaft
TZM
Co-23Ni- i. IZr-l. 8Ti 2.98xi0 67.4
205
-0.04 ] 0
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Figure VJII-l. - Potassium Rankine system.
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Figure VIII-7. - Center plug and spring boiler inlet insert. 
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Figure VIII-8. - Center tube and spring boiler tube inlet inserts. 
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Figure VIII-9. - Closeup of center tube. 
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Figure VIII-12. - Seven-tube potassium condenser. 
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Figure VIII-14. - Seven-tube condenser performance.
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Figure VIII-16. - Strength of turbine alloys for O.5 percent creep.
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Figure VIII-19. - Turb ine part ial  assembly. 
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BEAR IN G 7  1 I I :BEARING 
GENERATOR 
ROTOR 
’ 3 L  GENERATOR 
‘ I /  
--------- 
--------- jSEAL GENERATOR STATOR TURBINE SEALA GENERATOR SEALJ’ 
C S -461 1 
Fig u re VI I I -22. - Tu rbogene rat or bea r ing -sea I a r range men t. 
23 1 
CS -40621 
Figure V I I I - 2 3 .  - Pivoted-pad-bearing assembly. 
CS-40617 
Figure V I I I - 2 4 .  - Herringbone groove bearing tested i n  sodium to 80' F. 
232 
f/ PRESSURIZEDK
...- MOUNTINGDIAPHRAGM
,,,, SS
ra___J
BALL-AND-SOCKET PIVOT....... J I
_ _--SUPPLYORIFICES
"'-SHAFT
CS-40610
Figure VIII-25. - Mounting arrangement for pivoted-pad bearing.
CREEP,
%
_ n_ r
3 _ / 30 000 PSI
-- / . 1150°F
1 10500F
37 500PSI
I I I I
0 1 2 3 4 5 6 7xlO3
TIME, HR CS-40576
FigureVIII-26.-CreepofNivco(Co-23Ni-1.1Zr-1.8Ti).
233
C S -40558 
Figure VIII-27. - Statorette assembly tested in vacuum for 5000 h o u r s  at l l O O o  F. 
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IX. THERMIONICS
Roland Breitwieser and HermanSchwartz
10270
INTRODUCTION
The state of art of several aspects of thermionics as it is considered in the framework of a
space power system is reviewed herein. NASA contractual and in-house efforts are emphasized.
The principle of thermionics is discussed, and a brief exposure to some pertinent characteris-
tics of thermionic converter systems is introduced. Primary emphasis is plaCed on (1) estab-
lishing the major performance constraints based on fundamental surface and plasma physics,
(2) illustrating empirical performance, (3) introducing a few reactor-converter interface consid-
erations, and finally (4) reviewing some limitations of prospective thermionic nuclear reactor
fuels. It should be noted, since the NASA sponsored work is stressed, that many excellent refer-
ences relating to these subject areas have been excluded from this report.
EFFICIENCY CONSIDERATIONS AND THERMIONIC REACTOR SYSTEMS
Figure IX-I illustrates the basic principle of thermionic conversion. The converter is sim-
ply two metal electrodes separated by a small gap. Heatis applied to one metal electrode from
an energy source such as a nuclear fuel. As the metal temperature increases, electrons are
boiled out and are captured on the cooler electrode. The emission and capture of electrons pro-
vide the current flow through the external load. The voltage that can be obtained is depicted in
the potential diagram. The hotter electrode, the emitter, has a relatively large population of
electrons in the higher energy levels compared with the cooler electrode, the collector. The
variation in the electron density is the driving force that permits the development of a useful
voltage. Characteristically this is about 3/4 volt. The thermionic converter is a unique heat
engine since it is one of the few energy conversion methods that produces electric power directly
from heat over a large temperature interval in a single step. It is also unique in its ideal ef-
ficiency. A simplified expression for the efficiency is
Jnet(Vl - V2)
1?el= JnetVl _ 1?Carnot (V1 >> kT)
(i)
where the output term, electric power, is the net current times the difference in the emitter and
collector voltage barriers. The input term is simply the energy involved in elevating the elec-
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trons to the higher energy levels so that the current can flow over the potential barrier. If the
potential barrier is large in comparison with the kinetic energy of the electrons in transit, and if
the barriers V 1 and V 2 are adjusted to match the absolute temperature ratio, the Carnot cycle
efficiency is approached. These highly idealized conditions neglect the ever-present loss terms.
Figure IX-2 removes us from this never-never land of ideality into the reality of the actual therm-
ionic device.
The dictates of the energy source require high power densities, thus, high current densities.
At the present time, the high current densities require high emitter temperatures to produce the
necessary flow of electrons. In order to sustain the high current densities, a partially ionized
gas must be introduced into the interelectrode space. Electron scattering then exists. Radiation
transport becomes significant because of the large temperature difference. Gaseous thermal
conduction in the interelectrode space also results. Ion flow negates some of the electron current
and also transports energy. In order to extract the electric power, leads must be attached to the
hot and cold electrodes. Excessive heat is conducted if the lead is too big, or excessive voltage
losses if the lead is too small.
The expression for efficiency departs from the Carnot-like expression of equation 41) to the
practical expression of efficiency of equation 42):
4Jnet)(V1 - V 2 - _V)
_el - J14V 1 + 2kT1 ) _ J24V 1 + 2kT2 ) + _;Q _ _Carnot (2)
The difference between the expressions in the numerator involves a voltage drop and a correction
to the net current that accounts for electrical leakages. The denominator increases because of the
need to recognize kinetic energy of the electrons and the summation of the many losses enumer-
ated above.
The highly optimistic approach, in which only the first-order constraints of the various
physical constants of the materials available to thermionics are used, predicts an efficiency
somewhere between one-half and two-thirds of the Carnot-cycle efficiency. In practice, because
of some yet inescapable plasma voltage losses, practical converters are achieving only a bit over
one-third of the Carnot-cycle efficiency. Even though the present-day fraction of Carnot effi-
ciencies of thermionic energy conversion are not amongst the highest, certain features of therm-
ionics are attracting interest for the potential application to a nuclear energy source, particu-
larly for space application.
Some of these qualities are illustrated in the next few figures. An elaborate nuclear therm-
ionic design is not illustrated. Instead a simplified design has been selected, mainly to demon-
strate the basic principles and problems of in-pile nuclear thermionics. However, some of the
details of the converter element design do employ practices found useful in research converters.
The three main parts of the system are reactor, shield, and radiator (fig. IX-3). The radiator
is considerably smaller than other space power systems, since the operating temperatures are
higher. Segmented radiators coupled with similar segmented reactor elements are suggested.
Each one of the reactor segments is further subdivided into unit thermionic cells (fig. IX-4). The
cells are mounted in a tray and are cooled by liquid metal flowing across the tray similar to the
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usual crossflow heat exchanger. The arrangement shown has two cells connected in series in
each cylindrical station. Each double converter module shouldtdevelop about 1_ volts. Concep-
tually, one can visualize the thermionic reactor as a group of 1_ volt batteries connected in some
series, parallel network to provide both the necessary voltage and current and to provide reli-
ability through redundant cross connections.
The detail of an individual cell is shown in figure IX-5. Nuclear fuel such as uranium dioxide
is introduced in the center. A vented fuel capsule is shown. The encapsulated fuel is electrically
isolated by an insulator. The fuel cladding then serves as an electron emitter. The electrons
flow to the collector, which is typically a trilayer tube constructed of a thin layer of aluminum
oxide sandwiched between layers of niobium. The trilayer tube simultaneously serves as the col-
lector surface, current lead, and heat-exchanger surface. It is cooled by liquid metal as was
discussed previously. Cesium gas is introduced into interelectrode space by the use of a cesium
reservoir or cesium dispenser material.
The main advantage of the in-pile thermionic conversion system is the high source tempera-
ture of this heat engine. The nemesis of most space power is the temperature limit imposed by
the liquid-metal corrosion limit and/or the high-temperature strength characteristics of mate-
rials. This limitation is avoided by not exposing the liquid metal to the high-temperature source.
Instead, the liquid metal is only exposed to the collector, which is at the point of heat rejection.
The high-temperature zones can be lightly stressed since the high-temperature surfaces are ex-
posed only to a very low pressure ionized gas. The other attractive feature of this system is
the modular design. The modular design offers reliability through redundancy and eases testing
problems. The system subdivides into a series of building blocks such as radiators, reactor
compartments, and individual cells. Designs like the one illustrated permit out-of-pile testing
of the individual cells and groups of cells. The individual thermionic cells can also be introduced
into a test reactor for studies of the nucleonic interactions. It has been said that the scaling by
multiplicity feature of thermionics permits the development oi a power system with a nuclear
source that has many of the advantages photovoltaics has provided the solar source. The dis-
advantages are fairly obvious. The reactor design and fabrication certainly are not simple.
The reactor complexity can be avoided by an alternate approach in which the thermionic con-
verters are external to the reactor, as shown in figure IX-6. A conventional compact liquid-
metal-cooled reactor is used. The hot liquid metal is circulated through a thermionic heat ex-
changer. The heat is rejected through an additional liquid-metal loop to the radiator. Therm-
ionic conversion is achieved in a multipassage heat exchanger. The system illustrated uses an
insulated trilayer inner tube that houses the high-temperature liquid metal and also acts as the
electron emitter (fig. IX-_/). The second trilayer tube houses the ionized gas needed for the con-
verter, serves as a collector, and is sectioned to provide a series of individual thermionic con-
verters. The annulus formed by the outside tube and the second trilayer tube contains the liquid-
metal coolant. Many variations of external thermionics exist. This system is not necessarily
advocated but merely illustrates some of the more obvious features of external thermionics. The
advantages of a simple reactor approach coupled with modular thermionics exist but, unfortu-
nately, the liquid-metal loop is exposed to the reactor fuel temperature. Thus, the system is
limited to low source temperatures, a region somewhat unattractive to the electrouics of therm-
ionics. Also, from a safety view, if the fuel cladding ruptures, the liquid-metal loop may be con-
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taminated with fission products.
If a system analysis is made for either the in-pile or out-of-pile thermionic ,approach, the
performance levels for the converters required to make the system competitive to other power
systems becomes established. Roughly, the net power (numerator of eq. (3)) should exceed
5 watts per square centimeter at 2600 ° F and should exceed 10 watts per square centimeter at
3000 ° F. The efficiency should approach or exceed 30 percent of the Carnot cycle efficiency, as
shown in equation 43):
1?el, av =
4Jnet)(V1 - V 2 - AV)
J14V1 + 2kT1) - J24V1 + 2kT2) + ZQ
_30 percent of Carnot 43)
The remainder of this paper treats the probability of achieving the required efficiency indi-
cated in equation (3), the power densities, and the operating life (at the high temperatures in-
volved) from the viewpoint of basic surface and plasma physics, empirical converter perfor-
mance, reactor interface problems, and thermionic reactor limitations.
SURFACE PHYSICS
The physics of thermionic energy conversion reduce to the problem of getting the electrons
out of the emitter, across the interelectrode gap, and into the collector efficiently. Figure IX-8
shows the problem of getting the electrons out of the emitter• The high temperatures involved in
thermionics require the use of refractory metals. Unfortunately, the same interatomic forces
that hold a metal together also bind the electrons to the surface. This electron affinity is de-
scribed quantitatively by the electron work function, which is so named because the term ex-
presses the work required to extract an electron from the surface. The electron emission rate
equation, J = 120T 2 exp - _/kT ampere per square centimeter, is the Richardson-Dushman
equation. Using a typical work function for tungsten and plugging in a temperature of 1923 ° K
43000 ° F) results in an emission current density of only 0.4 milliampere. Therefore, the work
function must be lowered to provide for more emission. This is achieved usually by depositing a
partial layer of a low work function metal over the surface of the refractory emitter. Practical
thermionic converters usually use cesium. The low work function layer is maintained by con-
tinuously flooding the emitter surface with cesium gas.
An interesting and fortunate characteristic of the adsorption process is that the higher
the work function, the more refractory the metal, the stronger the cesium attachment to the sur-
face (refs. 1 and 2). An experimental correlation recently noted by the Field Emission Corpora-
tion (ref. 3) illustrates this effect (fig. IX-9). The bare work function, that is, the metallic sur-
face, free of any adsorbed particles is the abscissa. The maximum change in work function that
can be produced by adsorbing cesium on the surface is given in the upper ordinant. The change
in work function overcompensates for the initial high value of the substrate, so that the lowest
value of work functions of cesiated surface are achieved with the surfaces that have the highest
initial bare work function. The field emission experiments used in obtaining these data permitted
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the identification of individual crystal planes. It was noticed that this correlation held for indi-
vidual crystal index planes of the same metal, and indeed a tungsten surface, oriented to
expose a 110 Miller index plane, is one of the more desirable surfaces for the cesium adsorption
and retention process. This field emission study and other similar research (refs. 1, 2, and 4)
indicate that high work functions are desired not only for the minimum work function but at the
intermediate work function values used in practical thermionic converters.
Some idea of the nature of the substrate surface as a function of the crystallographic orien-
tation can be obtained from simple models of the surface. Figure IX-10 shows some of the re-
sults of a model based on interaction of a test particle with an array of substrate atoms arranged
to give a particular surface orientation (ref. 5). Two surfaces of a body-centered cubic crystal
typical of tungsten, tantalum, and molybdenum are shown. The surfaces treated are a 110 sur-
face that corresponds to a slice through the crystal that intercepts the center atom in the crystal.
The 100 plane corresponds to the face of a cubic crystal. If an interaction potential correspond-
ing to an attractive and repulsive force that is inversely proportional to the sixth and twelfth
power of the distance between particles, respectively, is assumed to exist between the test
particle and all the atoms of the substrate and, if a lattice constant and test particle size of a/a
are chosen to match the surface and adsorbate dimensions, topographical potential plots of the
surface can be generated. Each contour line corresponds to a constant adsorption energy. The
110 plot shown is not for the entire surface of a unit cell but only for that fraction outlined by the
dashed lines in the crystal. The rest of the pattern is repetitive across the 110 face. From
these contour plots, relative surface diffusion barrier heights, relative adsorption energies, and
number of adsorption sights can be deduced. Various interactions potentials can be assumed.
The 6-12 interaction potential used is a convenient mathematical expression that satisfies many
of the physical experimental observations.
The results of this analysis indicates the 110 tungsten plane is of interest to thermionics be-
cause it provides a large number of adsorption sights with relatively strong adsorption energies
and, furthermore, should be thermally stable in terms of self-diffusion.
Recent experimental developments permit a detailed examination of the stability of the sur-
face layer. Table IX-1 presents the results of some of these studies of surface layers by the
low-energy electron diffraction (LEED) technique (ref. 6 and data obtained by H. E. Farnsworth
et al. under NASA Grant NsG 373). Information on the initial surface layer and adjacent sub-
layers can be obtained by changing the energy of the incident electron and observing the intensity
of the diffracted beam pattern. Several monocrystals of tantalum, molybdenum, and tungsten
have been examined. The crystals were cut so that the 110 and 130 Miller index planes
were parallel to the surface. Several temporary surface structures were produced on these
crystals. The 130 and 310 surfaces on the tantalum were developed by ion bombardment. The
130 surface of molybdenum was produced by cutting followed with appropriate surface treatment.
The 110 surface of molybdenum appeared naturally after heating because of the substrate orien-
tation. The tungsten sample was ion bombarded, and a random surface orientation resulted.
The crystals that had a bulk orientation of 110 reoriented to a 110 surface after thermal anneal-
ing in vacuum at temperatures close to those experienced in a practical thermionic converter.
The molybdenum sample with a 110 bulk orientation maintained a 110 orientation through to the
surface even after extensive heat treatment. The crystal with a 130 bulk orientation relaxed
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back to the 100 and 110 surface planes as would be expected from free-energy considerations of.
the surface and crystal. Therefore, it appears that the 110 oriented surface can be produced and
maintained in vacuum if the bulk orientation is 110. Although these encouraging results can be
obtained from small zoned refined monocrystalline samples, the question remains can we reduce
this approach to actual practice? For example, can the oriented surfaces be established on the
surface of a cylinder?
Recently developments in tungsten fabrication by vapor phase deposition of tungsten is one
approach that is quite promising in this regard. Tubes such as shown in figure IX-11 have been
routinely, though not always reproducibly, fabricated by vapor deposition. The vapor-deposited
tubes are near theoretical density, leak tight, exhibit good structural properties, and, if re-
quired, can be deposited in quite complex shapes. The vapor deposition involves hydrogen reduc-
tion of a tungsten halide on the heated mandrel. It has been observed that ff tungsten hexachloride
is used, the bulk sample exhibits a strong 110 orientation parallel to the surface of the mandrel.
For tungsten hexafluoride, a 100 bulk orientation results. Photomicrographs (obtained by
L. Yang, General Atomic Div. General Dynamics Corp., under NASA Contract NAS 3-8504) of
the chloride and fluoride tungsten products after heat treatments are shown in the lower part of
figure IX-11. The tungsten hexafluoride samples with their small columnar grain structures
should exhibit superior mechanical properties except that the noninterrupted columnar grain
boundaries that propagate through the metal may enhance mass diffusion, as will be discussed
later in this paper. A series of preliminary tests were performed on a group of vapor-deposited
disks (ref. 7) to see if the bulk orientation affected the surface orientation in the same manner
as observed in the small zone refined monocrystalline studies (table IX-2). The surface was
characterized in terms of the thermionic emission work function. The vapor-deposited tungsten
surfaces produced by careful grinding, polishing, and thermal treatment reflected the bulk ori-
entation as determined by work function measurement. Consistently the tungsten fluoride pro-
duct samples of the 100 orientation gave the lower work functions than the samples with a 110
bulk orientation. A series of surface treatments was made on samples, including additional
thermal treatment, chemical etch and electrochemical etch. The various treatments changed the
surface work function but, after high-temperature thermal treatment, all samples relaxed back
to the initial work function with the exception of one. Thus, the results on practical surfaces
were consistent with the LEED studies. The duplex sample was a single exploratory test to de-
termine if the desirable structural properties of the fluoride product could be combined with the
desired surface properties of the chloride product. Some hope exists, for this approach, as
evidenced by the high surface work function.
It is assumed herein that the desired thermionic emitter possesses a high substrate work
function because of the consistent observations that better cesium adsorption properties result
with the high substrate work functions.
Additional adsorption studies are being conducted as part of the NASA thermionic program.
The analytical work includes calculations of the binding energies of various adsorbates (refs. 5,
8, 9, and 10), two-species adsorption theory (ref. ll)(e, g., tungsten on cesium), and multiple-
species adsorption, where the adsorption of cesium, barium, or strontium on oxidized and
fluorided surfaces has been analyzed (refs. 12 to 14). Experimentally, adsorption has been
studied by field emission, as was shown in figure IX-9. Molecular beams of cesium, oxygen,
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and fluorine have also been utilized to examine the details of dual-species (ref. 15) and multi-
species (ref. 16) adsorption. It is interesting to note that oxidizing or fluoriding the surface of
refractory metals tends to increase work functions which, in turn, improve cesium adsorption
characteristics. The observation that high substrate work functions improve cesium adsorption
is again verified even for complex surfaces, a point noted in the development of photoemissive
surfaces many years ago. Reproducibility of the additive studies of oxygen and fluorine in the
high-temperature, high-current conditions found in thermionic converters is extremely difficult
to obtain, however.
The final evaluation still resides in tests in the actual environment of the thermionic con-
verter. Figure IX-12 illustrates experimental results of the now well-documented tungsten-
cesium adsorption system obtained in a research-type thermionic converter. A tungsten emitter
whose bulk orientation is basically 110 was used. Current density is plotted as a function of
cesium pressure. The curves presented for two emitter temperatures are based on experimental
data and are fared through the use of an analytical expression (unpublished data of R. Breitwieser
of Lewis Research Center). Current densities as high as 100 amperes per square centimeter
have been observed by pulse measurements at the higher cesium pressures.
PLASMA CONSI DERATIONS
The unambiguous demonstration of the stability of a 110 tungsten surface at high-
temperature, high-current conditions has not been established. It has been verified, however,
that more than adequate emission currents are available in a diode if the cesium pressure is
sufficiently high. In terms of relative particle flux, it is interesting to note that, at the high-
current conditions, 3 to 6 cesium atoms must arrive at the surface per unit time for every
electron that is emitted from the same surface. Spacings in a converter, therefore, must be
small to avoid electron-atom scattering. Methods exist for getting electrons out of the emitter.
The problem remains, however, of getting electrons across the interelectrode space. Fig-
ure IX-13 illustrates some of the problems in getting electrons across, and the following out-
line presents part of the associated research program"
Space charge:
(1) Application of Langmuir theory to electrons and ions
(2) Two-species theory
(a) Ion and electron current - voltage curves
(b) Stability analysis
Elastic scattering including space charge:
(1) Isotropic collisions
(2) Energy -dependent and angular -dependent collisions
Cross section:
(1) Atom-atom
(2) Atom-ion
(3) Atom-electron
If no ions are present in the interelectrode space, a large space-charge barrier develops, so
that the electron flow is reduced to a mere trickle. For example, an emitter that has an emis-
sion capability of over 100 amperes per square centimeter will have all but 1 milliampere of its
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current reflectedbackto theemitter bythe space-chargebarrier if the interelectrode space is
1 millimeter, if no ions are present, and if the acceleration potential across the surfaces is re-
stricted to 1/2 volt. Ions formed at the surface will reduce the space-charge barrier but, with
the exception of thermionic converters which use very high source temperatures, the rate of
surface ionization does not produce enough ions to permit the transfer of significant electron cur-
rents. The surface ion formation mechanism is now quite well understood (ref. 17), as are the
modifications to the space-charge theory which include ions as well as electrons. The ion and
electron transport is understood for steady-state conditions (refs. 18 and 19) and in terms of
transient stability analyses (ref. 20).
The transmission of a substantial fraction of the emitted current requires that ions be pro-
duced in the interelectrode space. It follows, therefore, that some of the energy of the emitted
electrons must be diverted to produce the ions. A voltage drop results because of both elastic
and inelastic electron scattering. The elastic scattering randomizes the directed velocity of the
electron, whereas the inelastic collisions absorb energy of the incoming electron by the excita-
tion or ionization of the target atoms. The elastic scattering process is at a reasonable level of
understanding. A new technique exists by which the complexity of the simultaneous effects of
space charge, energy-dependent cross sections, and angular-dependent elastic cross sections
can be treated to generate theoretical current-voltage curves for thermionic converters (ref. 21
and unpublished data of C. M. Goldstein). A variation of a Monte Carlo transport analysis is
used.
As mentioned, experimental and analytic information on the various collision cross sections
are being obtained in support of this effort. The atom-atom (ref. 22), atom-ion (refs. 23
and 24), and atom-electron (ref. 24) cross sections are under study. The application of cross
section data can be seen in the effect of argon on the elastic scattering of electrons, presented
in figure IX-14. Argon exhibits an electron-neutral cross-section minimum in the near-thermal
energy range; this effect is called the Ramsauer effect. This strongly energy-dependent cross
section provides a stringent analytic exercise when used in electron transport analysis as well as
an interesting possible gaseous additive for a thermionic converter. Argon minimizes ion losses
by reducing mobility and, thus, wall recombination. Relatively large ion-neutral cross sections
compared with the small electron-neutral cross sections in the Ramsauer region provide the
needed mechanism.
The current voltage characteristics (in dimensionless units) have been compared with the
noncollisional space-charge solution. The collision parameter refers to the product of pressure
(in torr) and distance (in cm). These data were calculated by the aforementioned Monte Carlo
analytical method (unpublished data of C. M. Goldstein). The slight negative current-voltage
slope is caused by the Ramsauer minimum in the energy-dependent cross section. The current
reduction of argon is small in comparison with gases such as cesium because of the small cross
section in the near thermal range. The analyses in their present forms are merely a first step
in the attempt to provide a rigorous, analytical treatment for electron transport that can account
for the detailed nature of the electron-neutral collisions and space-charge interactions. As yet,
the method has not been used in treating the inelastic portion of the scattering processes
although, with additional effort, the approach appears to be completely feasible, although more
experimental information on the nature of the emitter sheath would be helpful. Since the details
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of gettingtheelectronsacrossthe interelectrodespaceare not understood as yet because of the
yet undetermined inelastic effects, the thermionic field has relied on empirical observations of
plasma drops. Lewis results (unpublished data of R. Breitwieser and W. Rush), which are quite
consistent with the results of others (ref. 25), indicate that voltage drops of greater than 0. 4
volt are always present in the volume ionization mode of practical converters. Voltage drops
greater than this minimum exist when the collisional activity is high and can be correlated with
the electron-neutral atom collision frequency or, more simply, with the product of gas pressure
and interelectrode spacing.
COLLECTOR EFFECTS
Figure IX-15 summarizes a portion of the previous discussion and introduces the problem of
getting electrons into the collector. It indicates the approximate type of work function required to
achieve the required electron current density from the emitter. The type of plasma sheath and the
minimum plasma drop involved in the ignited or volume ionization mode of operation, which in-
volves the aforementioned inelastic collisions, is also in figure IX-15, as well as the type of col-
lector sheath and collector work functions that are needed for the output voltages of a practical
thermionic diode. The following collector problems relate first to the confusion of the nature of
the collector sheath:
Collector sheath:
Emission spectroscopy (line shift)
Laser diagnostics (improved spatial resolution)
Langmuir probe studies
Adsorption processes:
Analytical (emphasis on low work function region)
Experimental (field emission, molecular beam, and diode work)
Contamination (collector surface "cold" trap impurities)
At times, the ineffectiveness of thermionic conversion is attributed to the collector surface al-
though it is actually because of the properties of the plasma sheath adjacent to the collector. At-
tempts to strengthen the analysis of the sheath problem are being made by evolving new diagnostic
tools that provide the spatial resolution needed to probe the sheath. This first step relates to a
definition of the central plasma properties. The line shift method of emission spectroscopy sug-
gests some simplifications in this regard (ref. 26). The laser, with its excellent optical resolu-
tion, is being developed as a probe (ref. 27). Recognition of the relation of the refractive index
of a plasma to electron density is the principle of the laser plasma probe. Advances in Langmuir
probes through miniaturization are being made also (ref. 28). In addition to the problems related
to the uncertainties of the sheath at both the collector and emitter, all the adsorption processes
must be controlled again to produce the desired collector work function. The emphasis is on a
lower work function for the collector. If the allowed operating temperatures, the various poten-
tial barrier heights required for the emission of the current densities of interest, and the plasma
drops present in the group of converters of the day are considered, the collector work function
should be less than 1.8 electron volts to prevent serious in-roads into the output potential of the
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devices; for low-temperature thermionics, the lower the better. The adsorption processes are
complicated since a single gas pressure exists in the interelectrode space, and it is necessary to
attempt to optimize the coverages on both the emitter and collector surfaces with a closely linked
arrival rate of the adsorbing species. The inability to achieve low work functions (less than
1 eV) is one of the contributing reasons for the rapid decay of the performance of thermionics atIF
low operating temperatures. An additional serious collector problem is related to the fact that
the collector is the major cool surface in a converter. The collector not only collects electrons,
but the various contaminants in the diode as well. The collection of diode debris may seriously
affect the adsorption processes, as illustrated in figure IX-15; the debris is represented by the
black dots.
The sketch is not pure fiction. Examination of many thermionic converters gives strong
visual evidence of collector deposits. The severity of the collector deposits is of course related
to the outgassing techniques used in diode preparation, emitter and collector materials, possible
nuclear fuel clad interactions, and, in general related to the entire physical-chemical high-
temperature stability of the converter assembly.
Diffusion of the nuclear fuel through the emitter clad is a source of collector contamination
that has received major attention, since the fuel cladding may not exhibit long-time, high-
temperature stability with some of the proposed fuels.
The electron reception characteristics of the collector are affected by extremely small
amounts of contamination, since a fraction of an atomic monolayer of contaminant may influence
the collector adsorption process. Carefully controlled out-of-pile tests have been used to obtain
quantitative information on the rates of diffusion through simulated fueled emitters (table IX-3).
The amount of uranium contamination on a cold surface adjacent to a simulated thermionic emit-
ter containing nuclear fuels was measured by either activation analysis or alpha counting. The
amount of uranium deposited expressed in terms of equivalent atomic monolayers is shown for
90 mole percent uranium carbide - 10 mole percent zirconium carbide (ref. 30) and uranium
dioxide (ref. 31). Two tungsten clads were evaluated for the uranium dioxide. The greatest
rate of diffusion was observed for the uranium carbide - zirconium carbide fuel. A possible
problem in the use of vapor-deposited tungsten is suggested by the higher rates of uranium dif-
fusion as compared with the powder metallurgy product tungsten. The vapor-deposited tungsten
was produced from tungsten hexafluoride and possessed the usual columnar grain structure. The
large number of columnar grain boundaries propagating through the clad undoubtedly enhanced
fuel diffusion rates. Proper selection of fuel type and cladding promises to minimize the amount
of contamination to levels where the use of getters, or natural absorbtion characteristics of col-
lector materials can accommodate low rates of material transport.
CONVERTERPERFORMANCE
Having traced our way across the converter and having established some of the thermionic
converter problems, the next few figures deal with the reduction to practice of the aforementioned
research. Figure IX-16 shows the latest type ct research converter, which is undergoing pre-
liminary orientation tests prior to in-pile- evaluation. The planar configuration was chosen to
provide for ease in instrumentation and ease in evaluating new design approaches. The emitter
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consists of duplex vapor-deposited tungsten bonded on tantalum. The emitter is essentially
identical to the duplex sample referred to in table IX-2. The tungsten formed from the tungsten
chloride (WC16) is on the outer surface to provide for the beneficial adsorption properties of a
high work function material. The inner layer formed from tungsten fluoride (WF6) is presumed
to give better structural properties. The collector is a niobium - niobium alumina cermet -
niobium trilayer. The niobium cermet serves as an electrical insulator between the emitter and
the collector and as an electrical insulator between the collector and the heat sink. The niobium
cermet is only 23 mils thick; thus, it is a good thermal conductor. The cermet is made by hot
isostatic pressing of niobium spheres that were precoated with high-purity alumina. The vapor-
deposited alumina coatings were graded to provide for an increasing alumina concentration toward
the center of the cermet. The dark areas in the photomicrograph in figure IX-16 correspond to
the alumina, and the light areas correspond to the niobium. The cold resistance of the cermet is
typically greater than 10 megohms for a 1-square-centimeter sample. Initial tests of the diode
are in process. The collector properties, in terms of structural reliability, and thermal and
electrical characteristics are very encouraging. The emitter has indicated favorable structural
stability during the initial series of thermal annealing and degassing processes. To date, cesiated
performance has not been obtained.
Figure IX-17 presents results of the electrical performance of converters that reflect the
technology of the 1964 - early 1966 time period. Power densities observed at conditions cor-
responding to maximum efficiency are shown as a function of emitter temperature for the con-
verters. The higher performance corresponds to data obtained in a research-type converter
built in late 1965 and early 1966 (obtained by J. Lawrence under NASA Contract NAS 3-8511). The
lower performance data, indicated by data points, are typical of converters fabricated about
2 years ago and used in tests evaluating the life of thermionic converters (ref. 32). Tungsten
emitters and niobium collectors were used for both groups of converters. Insufficient documen-
tation of the detailed properties of the emitter and collector processing, as well as some ques-
tions of data accuracy in the life-test converters, precludes a quantitative explanation of the dif-
ference in performance. The performance curve is typical of the carefully processed thermionic
converter being tested presently and is a conservative example. Several performance mappings
of converters tested during the first half of 1966 indicate even higher performance.
Typical performance values of the research converter are: output voltage at 2000 ° K is
0. 7 volt, efficiency of approximately 15 percent. At the temperature ratios used, the efficiency
is about 30 percent of Carnot cycle efficiency. The ability to produce single converters that ex-
hibit useful power levels and efficiencies has been demonstrated. The ability to assemble large
groups of high performance diodes, as projected in systems studies, remains to be proven.
The problem of reliable operation has undergone examination in both in-pile and out-of-pile
thermionics. Tables IX-4 and IX-5 present typical out-of-pile results. The results (ref. 32)
summarized in table IX-4 are from cylindrical diodes electrically heated to 2100 ° K with a power
density of 7 to 11 watts per square centimeter and an efficiency of 12 to 13 percent throughout the
tests.
The 300 series diodes used vapor-deposited tungsten emitters supported on tantalum sleeves.
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All failed for the samereason,fracture of a tantalumsleeve.The400series diodesuseda
tungsten-25-percent-rheniumalloy emitter andincludedunenricheduraniumdioxidesandwiched
into theemitter structure. Thesediodesshortedbecauseof deformationof theemitter structure.
A similar setof tests conductedat GeneralAtomic (ref. 30)exploredfurther theeffect of unen-
richedfuel sandwichedin cylindrical emitters CtableIX-5). Theoperatingconditionsandmethod
of heatingwere essentially the same as the table IX-4. LC-1, LC-5, and LC-6 incorporated
uranium carbide - zirconium carbide fuel and suffered from significant performance degradation.
LC-2 and LC-3 contained a tungsten - uranium dioxide cermet, and LC-4 was a fuel-free control
diode. Although performance levels could be maintained for the noncarbide tests, the cesium
reservoir temperature had to be reset to maintain peak performance. No self-consistent major
failure mode was observed. The collector deposits resulting from the uranium carbide emitter
interaction increased radiation heat transfer and increased the collector work function and, thus,
degraded performance consistently.
REACTORFUEL
In order to broaden the perspective of nuclear fuel - thermionic converter interactions,
table IX-6 presents some of the gross features of typical fuels. High uranium content implies
reduced reactor core size, high thermal conductivity reduces temperature gradients in the fuel,
and high vapor pressure may induce fuel loss. Uranium carbide has the desirable characteristics
of high uranium density, high thermal conductivity, low vapor pressure, and it is quite refractory.
A highly refractive, fully dense fuel tends to inhibit fission gas release and cause fuel swelling.
Fission gas evolution will probably be treated through controlled porosity of the uranium carbide
fuel so that the fission gas can be released and vented.
Uranium dioxide has a moderate uranium density, a low thermal conductivity, and a higher
vapor pressure than the carbide fuel. At high temperatures, uranium dioxide is somewhat
plastic and does not contain fission gas; thus, the fission gas may be released and vented.
The uranium content of the uranium dioxide - tungsten cermet is lowered by the tungsten, the
conductivity is improved, and, if the tungsten is used to enshroud the uranium dioxide, vapors
are contained. Fission gas containment is also aided by the tungsten.
Some of the nuclear fuel problem can be directly deduced from the fuel and clad properties
without in-pile testing. Subsequent figures illustrate a few of the problems.
Emitter clads for thermionics operate in the temperature range where the clads have low
strength. It is necessary, therefore, to consider methods for minimizing the pressure buildup
of the fission gases. For a fuel such as uranium carbide - zirconium carbide, a fuel body is
developed that has a fine-grain, interconnecting pore structure. The fission gases generated in
the fuel can then diffuse to the pores and subsequently vent out of the fuel body. The problem
with this approach is that, at high temperatures, materials tend to sinter and fill voids. Fig-
ure IX-18 shows the results of the preliminary tests in which the uranium carbide fuels tend to
sinter (private communication from L. Yang). The interconnected porosity determined by a gas
adsorption method was measured for two fuels at 1000 and 2000 hours at 2100 ° K. The results
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indicate that considerable and unattractive dilution of the uranium content of the fuel by the highly
refractory zirconium carbide is required to stabilize porosity. Unless thermionic converters can
be built to operate effectively at lower temperatures, the tendency to sinter with the consequent
threat of fuel swelling exists for uranium carbide.
Uranium dioxide releases its fission gases at high temperatures in the plastic flow range. At
these conditions, however, vapor loss of uranium dioxide poses a problem. If a 2100 ° F cylin-
drical emitter fueled with uranium dioxide were only partly encapsulated so that one end was left
open to vent fission gases, most of the fuel would be lost in an operating time of 1 year. Fig-
ure IX-19 presents calculations (data obtained by R. Breitwieser) of uranium dioxide vapor loss
through orifices and tubes sized to prevent fission gas pressure buildup and at the same time
sized to reduce uranium dioxide vapor loss to an acceptable level. The suggested method notes
that the stable location for void volume in uranium dioxide is in the highest temperature zone. A
small orifice at the end of a tube penetrating this void volume is presumed to remain open for the
temperature-time relations shown in figure IX-19. A 10-mil orifice will restrict the weight loss
to low values over an appreciable range of temperatures. The weight loss can be reduced further
by the use of a capillary tube in place of an orifice, and minimized still further by reducing the
mobility of the uranium dioxide through the use of an inert cover gas such as argon. If the reli-
ability of the small vents is questionable, the cover gas and or tube approach permits the use of
significantly larger inside diameter tubes within the framework of acceptable uranium dioxide
losses.
The alternate to venting uranium dioxide is the containment of fission gases. A cermet, con-
sisting of small uranium dioxide particles clad in tungsten in which the tungsten and the uranium
dioxide share the burden of containing the fission gases, is such a possibility. Also, the tungsten
in the cermet increases the thermal conductivity and, therefore, reduces the temperature varia-
tion across the cermet fuel, which in turn improves uranium dioxide fission gas retention. An
estimate of the temperature where it may be possible to retain the fission gases at useful power
density and burnup is given in figure IX-20.
The calculation is based on the local stress limits of the tungsten wrapped around the uranium
dioxide particle. The fuel volume is reduced by increasing the proportional amount of tungsten as
stress limits are encountered. Additional assumptions include the following:
(1) Spheres of uranium dioxide coated with 3 microns of tungsten
(2) Tungsten fraction increased by decreasing uranium dioxide particle size
(3) Coated spheres arranged in a closely packed hexagonal array
(4) Creep limit of 1 percent for tungsten in 10 000 hours
(5) Fission gas releases of 5 and 50 percent in uranium dioxide at 1800 ° and 1900 ° K,
respectively
Figure IX-20 shows that, at the limiting fuel temperature for either of the two fuel burnups, an
increase of 70 ° K requires that tungsten be added in the amount to drop the fuel volume fraction
30 percent. The reason for this strong dependence is the increased release of fission gases with
increasing temperature and the rapid dropoff of the creep strength of tungsten with temperature.
As expected, burnup is an important factor in the determination of limiting fuel temperature.
An additional problem with uranium dioxide - tungsten cermet has been its dimensional
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stability on thermal cycling. This characteristic is often present in composite materials of
mixed tensile and yield strengths. Uranium dioxide - tungsten cermet specimens clad with tung-
sten have been thermally cycled by electric heating from room temperature to approximately
2000 ° K for 100 cycles. Insufficient data have been obtained to correlate cracking with fabrication
procedure. Figure IX-21 gives the extent of dimensional change for three specimens (data ob-
tained from Battelle Memorial Institute under NASA Contract NAS 3-4255). One of the nonfrac-
tured specimens exhibited less than 1 percent growth but, again, the insufficient experimental
statistics exist to define specific fabrication procedures that would ensure dimensional stability.
These results reflect the uncertainties in much of thermionics. No fundamental roadblocks
to a successful system development are apparent. There are many individual cases of excel-
lent structural characteristics, fuel stability, and converter performance, which all lead to
logical system design and testing concepts. However, the small number of tests and the statis-
tical scatter of results certainly indicate the need for more extensive and more controlled test-
ing of many subparts of this potentially attractive space power system.
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TABLE IX-I. - STABILITY OF MONOCRYSTALLINE SURFACES
(FROM LEED STUDIES, BROWN UNIVERSITY)
\
\
\
Electrons k
/
/
/
F
/Heat
Material Basic crystal Initial surface Surface after
orientation orientation heat treatment
Tantalum (BCC)
Molybdenum (BCC)
Molybdenum (BCC)
Tungsten (BCC)
110
130
110
110
a130 and 310
130
110
aRandom
110
110 and 100
110
110
aproduced by ion bombardment.
TABLE IX-2.
Process
Tungsten fluoride (WF6)
Tungsten fluoride (WF6)
Tungsten fluoride (WF6)
Tungsten chloride (WC16)
Tungsten chloride (WC16)
Tungston chloride (WC16)
Duplex tungsten chloride -
tungsten fluoride (WC16-WF6)
- STABILITY OF VAPOR-DEPOSITED TUNGSTEN SURFACES
(FROM GENERAL ATOMIC)
!Initial
4.52
4.52
4.51
5. Ol
4.93
5.05
4.86
Etch Treated
Thermal 4.52
Chemical 4.67
Electrochemical 4.72
Thermal 5.01
Chemical 4.85
Electrochemical 4.89
Thermal 4.86
Thermal aging
°K Hr
2073 600
2273 to 2673 18
2173 to 2573 36
2073 1040
2673 7
2173 to 26731 39
2073 720
Final
4.52
4.54
4.50
5. Ol
4.94
4.85
4.86
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TABLE IX-3. - URANIUM DIFFUSION THROUGH
TUNGSTEN-CLAD EMITTER
[Cladding, 20 mils; test time, 1000 hr. ]
Fuel
90 mole percent uranium
carbide - 10 mole per-
cent zirconium carbide
Uranium dioxide
Uranium dioxide
Temperature
o K o F
2170 3432
2100 3320
2070 3252
Clad
Vapor-deposited
tungsten (GA)
Vapor -deposited
tungsten (GE)
Powder metallurgy
tungsten
Number of
monolayers
230
15
TABLE IX-4. - GENERAL ELECTRIC THERMIONIC
CONVERTER LIFE TESTS
[Emitter temperature, 2100 ° K (3320 ° F); power
density, 7 to 11 W/cm2; efficiency, 12 to 13
percent; electrically heated emitter; percent
degradation, none. ]
Designation Duration, Failure mode
hr
301
302
303
311
312
313
431
432
3754
100
916
6413
8055
3775
4O5
151
Emitter support sleeve
lr
Short
Short
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TABLE IX-5. - GENERAL ATOMIC THERMIONIC
CONVERTER LIFE TESTS
[Emitter temperature, 2000° to 2100° K (3140° to 3320 ° F);
power density, 7 to 9 W/cm2; efficiency, ll to 13 per-
cent; electrically heated emitter. ]
Designation Duration, Failure mode Degradation,
hr percent
LC -I
LC -2
LC -3
LC-4
LC-5
LC -6
7 174
3 235
10 406
7 345
7 558
2 300
Metal-ceramic seal
Crack in emitter stem
Short
Braze joint
Braze joint
Continuing
60
None
None
None
15
a40
aLow initial power.
TABLE IX-6. - CHARACTERISTICS OF THERMIONIC FUELS
Uranium density
Thermal conductivity
Vapor pressure
Probable fission gas
management
Uranium carbide Uranium dioxide Uranium dioxide -
tungsten cermet
High
High
Low
Release and vent
Medium
Low
High
Release and vent
(high tempera-
ture)
Low
High
Not applicable
Retain
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Figure IX-l. - Ideal thermionics.
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X. APPLICATIONS OF POWER SYSTEMS TO SPECIFIC MISSIONS
Bernard Lubarsky and Lloyd I. Shure
The new power systems, previously described, are discussed in terms of typical mission
applications. A comparison of the use of these new powerplants is made with existing systems,
such as photocells. The relative interest in differentkinds of power systems varies greatly from
mission to mission. In a survey of power-system applications to future missions, an important
feature is breadth of coverage. If a broad range of presently unapproved missions is covered, the
depth of coverage cannot, of necessity, be very great. Therefore, the numbers given for the
various systems are only approximate and not definitivebecause details have not been sufficiently
established for these advanced missions. Many of these comparisons are made with two signifi-
cant figures, but these figures are only the product of the assumptions used in each case.
The missions discussed begin with near-Earth orbitaland progress outward to the planetary
missions. The first mission, the near-Earth, l_rge, manned, orbiting laboratory, is one of con-
siderable interest to NASA at this time.
A summary of the weights and area characteristics of solar power systems for manned orbit-
ing stations is shown in table X-1. These solar power uses are divided into what are called day
and night applications. Day-power weight is the weight of photocell panels required to provide
a kilowatt of power while exposed to the Sun. Night-power weight is the sum of two weights,
narnely, the weight of photocell panels required in sunlight to charge batteries plus the weight of
the batteries required to deliver power during the night, or shade, part of the orbit. For day
power, the conventional photocell system is quite light, about 50 pounds per kilowatt. This num-
ber represents the probable lower limit of what can be achieved in large lightweight multi_kilowatt
solar arrays based on technology work that has just begun and is of the order of half the weight of
arrays currently in use. The 1.5-kilowatt array described in paper I and flown by the Air Force
on the Agena vehicle weighed approximately 130 pounds per kilowatt; hence, the weight shown for
conventional photocells is fairly optimistic. This is done for comparability, that is, in order to
compare future photocell systems with other advanced power systems. Hence, for the photocell-
and-battery system, which is fairly well developed today, optimistic weights are shown in order
to reflect the inevitable improvement that will occur. In the case of other advanced systems, the
weights shown are representative of the first flight system; that is, they are conservative in the
sense that future developments beyond that time could undoubtedly produce still lighter systems.
The night-power computations are based on the Sun and shade times for a 260-nautical-mile
ecliptic orbit. A typical value of 55-percent charge-discharge efficiency for the batteries was
assumed. The discharge voltage obtained from the batteries is about 55 percent of the voltage
required to charge them, and, of course, the ampere-hours are the same. Also included is a
95-percent efficiency for the battery charger. From these assumptions, the photocell power re-
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quired for the night power is obtained. Battery weights were based on 2 watt-hours per pound, #
value typical of nickel-cadmium cells from which an extremely large number (thousands) of
charge-discharge cycles is obtained. Currently, nickel-cadmium batteries flying in low-altitude
orbit normally produce about 1 watt-hour per pound so that, again, current systems weigh about
twice what is shown in table X-1. When all these assumptions are added, a specific weight of
450 pounds per kilowatt is obtained. The collector area shown in the table is the photocell array
for both day and night power.
In the case of thin-film photocells and batteries, a range of weights is presented. This
range corresponds to two efficiencies: a 5-percent efficiency, which is an average of presently
demonstrated technology, and a 7-percent efficiency, which is currently typical of occasional
cells as produced, although they do not retain this 7-percent efficiency for a long time. Thus,
this 7-percent efficiency represents the upper range of what can reasonably be anticipated for ad-
vanced development. The weight of structure assumed ranges from 0. 1 to 0. 2 pound per square
foot for the thin-film array. In a conventional photocell array for which the cells are heavier
and more brittle, the structural weight is about 1/3 pound per square foot. For the thin-film
cells with their lighter weight and greater flexibility, a lower structural weight was chosen. In
spite of this, there really is no significant difference in weight between conventional and thin-
film photocells for this particular application. This result was anticipated since the predominant
weight of the system has little to do with the weight of the photocell array, but is primarily in-
volved in the energy-storage requirement for night power. This characteristic applies through-
out nearly all the missions discussed herein. Therefore, wherever any kind of substantial
energy-storage requirement is concerned, the weight of photocell systems, both conventional and
thin film, will be approximately the same. The choice then between these two systems will be
based on other factors, such as the ease of packaging, or lower cost of the thin-film system, or
the lower collector area of the conventional photocell array. For the remainder of this discus-
sion, since the weights of these two systems are nearly the same, only the conventional photocell
system is considered.
The Brayton cycle, instead of using batteries for energy storage, stores energy in the form
of heat of fusion, in this case, of lithium fluoride. This method results in lighter weights for
low-altitude orbit than battery storage. The Brayton cycle system thus shows a significant
weight advantage. Therefore, where energy-storage requirements are high, such as in this
application, the Brayton cycle is expected to offer some advantage in weight. However, whenever
energy-storage requirements are low, the Brayton cycle is less attractive on a weight basis. Of
course, it does offer an advantage in reduced collector area because of its higher efficiency.
Figure X-1 shows a 30-kilowatt conventional photocell array on a three-spoke orbiting
manned station of the kind that might be put into orbit by a Saturn V. The approximate dimen-
sions are 100 feet from the middle of the hub to the tip of the spoke and approximately 80 feet in
width across the photocell array. The weight capability of the Saturn V for this mission is ap-
proximately 250 000 pounds. Figure X-2 shows a typical 30-kilowatt solar Brayton system on
the same space station to the same scale as shown in figure X-1. Here, three 10-kilowatt solar
Brayton systems are shown, one at the end of each spoke. The mirror diameter for this system
is 30 feet.
Table X-2 is a summary of nuclear power systems for this same application. In the solar
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power system, energy storage for night power was a predominant feature in system weight. In
the nuclear power systems, a different feature becomes very important and prevails in many
instances, namely, shielding. In this table, four different nuclear power systems are given with
their weights and radiator areas. The weights have been broken down into unshielded weights and
the weight of the shield itself. The unshielded isotope Brayton system weighs about 350 pounds
per kilowatt, and because it uses plutonium 238 with its relatively low level of emitted radiation,
the shield weight required is small, of the order of 0 to 50 pounds per kilowatt, where the shield
weight depends on isotope location and shielded area.
The 35-kilowatt SNAP-8 system includes a completely redundant power-conversion system.
These two complete systems are connected to one reactor. This redundancy was necessary in
order to assure the high reliability usually associated with manned missions. Either of these
power-conversion systems is capable of producing 35 kilowatts. The isotope Brayton system
does not have redundant machinery since it is assumed that a 30-kilowatt system could utilize
three 10-kilowatt modules; if some redundancy were required, a fourth standby system could be
provided. In any event, the weights can be adjusted from the values given in table X-2. The
SNAP-8 thermoelectric system has a lower efficiency than the SNAP-8 mercury Rankine system
and is also heavier; hence, it produces less electric power from the same thermal power of the
SNAP-8 reactor and accordingly weighs more unshielded. The large increase in shield weight
for the SNAP-8 thermoelectric reactor system is a result entirely of the lower power; the
shielding is the same as that required for SNAP-8, but because of the lower power output of the
SNAP-8 thermoelectric system, the unit weight (lb/kW) is higher. The reactor systems are
significantly heavier for this mission than the corresponding isotope systems because the large
amount of penetrating radiation put out by the reactor requires reactor shields that are thicker
and correspondingly heavier than isotope shields.
Currently, three advanced reactor power systems are being evaluated, namely, Rankine,
Brayton, and thermionic systems. The numbers shown in table X-2 are representative of the
potassium Rankine system. For the thermionic system, the weights would be quite similar, but
the radiator area would be still smaller. For the Brayton system, the weights would probably be
of the order of 50 percent larger, and the radiator area would be larger by a factor of perhaps 5.
In comparison with the other reactor systems, there is a substantial reduction in shield weight
per kilowatt due primarily to the higher power level of the advanced reactor system. This re-
actor, although producing nine times the power of the SNAP-8 reactor, would only be slightly
larger with the result that total shield weight would increase only slightly, while the unit weight
(lb/kW) would decrease markedly.
Figure X-3 is a conceptual view of SNAP-8 on a manned space station. The reactor is at the
apex of the cone in the lower right of the figure. The distance from the reactor to the nearest
occupied point in the space station is 125 feet. The base of the cone containing the SNAP-8 sys-
tem is approximately 22 feet in diameter. This configuration is typical of a SNAP-8 configura-
tion for space-station application.
As shown in figure X-3, the station could be assembled from two launches of a Saturn IB,
which has an orbital capability of the order of 30 000 pounds. The space station would be taken
up by one launch, and the SNAP-8 system with its shield would be taken up on the second launch
for rendezvous with the space station. If a Saturn V were used for this type of mission, there
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would be a much larger orbital weight capability, and a much larger space station similar to the
three-spoke version in figure X-2 would probably be used.
It is now possible to draw several conclusions related to advanced power systems for the
manned orbiting space station. The Brayton cycle system, either solar or isotope powered,
would have low weight. The photocell systems would be next, and the SNAP-8 system would be
the heaviest. Although the advanced reactor system is the lightest, the technology of such a sys-
tem (papers VH and VIH) is considerably behind that of the Brayton and SNAP-8 systems. Al-
though the SNAP-8 and Brayton cycle systems will be available for missions in the 1970's, the
earliest that the advanced Rankine system will be ready is the very late 1970's or the 1980's.
If an advanced reactor system were available, it would probably be the most attractive of
those compared in table X-2. Among the other systems, it appears that, since the Brayton cycle
is the lightest, it would be the system of choice. However, if a 30-kilowatt manned orbiting
space station is the application, these unit weights can be multiplied by 30 to obtain the total
power-system weight that would be required. The SNAP-8, even at 900 pounds per kilowatt, is
of the order of 30 000 pounds. On a Saturn V class of space station with a 250 000-pound total
weight, this 30 000 pounds represents a little over 10 percent of the total weight. Hence, there
is ample weight and surface area to accommodate any of these power systems at the 30-kilowatt
level. The weight constraint in this particular mission is not as significant as that which will be
shown for others. Weight is certainly not unimportant and, all other things being equal, the lightest
power system would be selected. In a mission for which there is ample weight capability and
many power systems to choose from, other characteristics besides weight can prevail. For
example, availability is an important factor in any mission planning. If during mission planning,
one power system is not fully developed or its safety has not been fully demonstrated and if suf-
ficient weight capacity is available, the system of choice will more than likely be the one that
has been proved. Another feature that can be important is the spatial orientation associated with
solar power systems. The mission manager may be happy to be relieved of the requirements to
orient continuously any of these solar supplies. In such a case, a nuclear power system may be
chosen.
Cost might also be an important factor. Plutonium 238 for the 10-kilowatt isotope Brayton
system could cost $20 to 25 million; for a 10-kilowatt isotope thermoelectric system, between
$60 and 75 million worth of plutonium 238 would be required. This cost difference is certainly
significant. Of course, plutonium 238 has an 86-year half-life, and since only a small amount
would actually be consumed, it can be argued that the isotope can be recovered for reuse and
costs can thereby be reduced; however, just how the bookkeeping would be handled is not certain.
The photocell array of 30 kilowatts would cost between $10 and 15 million. SNAP-8 or thin-film
photocells would be much cheaper, as would the solar Brayton system.
An additional penalty associated with the solar power systems on this mission is atmospheric
drag. In a 260-nautical-mile orbit, the drag of a 30-kilowatt conventional photocell array is
sufficiently high that, if bipropellant rockets are used to counterbalance the drag, about
5000 pounds of fuel would be required each year.
Ample weight capability characterizes such a mission. Any of these power systems could
be chosen. The choice will depend on the details of just how the mission will be performed and
to some extent the preference of the project manager involved. The selection will more than
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likely not be dominated by weight considerations alone.
Up to this point, the discussion has centered around a manned orbiting space station with a
nominal 30-kilowatt electric power requirement, and as noted earlier, the high-powered ad-
vanced reactor systems would not be available until the 1970's at the earliest. It is anticipated,
however, that eventually powers of the order of 300 kilowatts, which could be supplied by the ad-
vanced reactor system, will be required for these missions. Figure X-4 illustrates the kinds of
power systems that might be considered for this application in this time period. A conventional
photocell-and-battery system is compared with an advanced reactor system. Both systems pro-
duce 300 kilowatts for a large manned orbiting station, the same three-spoke station described
earlier. At the 300-kilowatt level, the performance of an advanced reactor system far exceeds
the capability of any of its competitors. If an advanced reactor system is available in this time
period, it can provide very large powers for weights with which no other system can compete.
It is interesting, however, that if the need for a 300-kilowatt conventional photocell system were
great enough, it could conceivably be built. However, the weight of this system is such that it
would more than likely require the separate launch of a Saturn V class vehicle.
In low-altitude orbit, NASA programs specify a much larger number of unmanned than
manned missions. The unmanned missions are characterized by power requirements from much
less than 1 kilowatt up to a fraction of a megawatt. The two power systems currently in use are
the solar photocell and isotope thermoelectric system. These systems will be difficult to dis-
place by any of the advanced systems discussed herein. The Brayton and Rankine systems are
both mechanical. At very low powers, a fraction of a kilowatt, the parasitic losses of machinery
become dominant, and they become unattractive. The only potential contender for these low-
power missions of the three new power-conversion techniques discussed here is the thermionic
system; as yet, not enough is known concerning temperature levels attainable with isotope fuels
for any real prediction to be made. There is, however, the possibility that the isotope therm-
ionic system might someday be attractive for this application.
At higher altitudes, the next class of missions i_a 24-hour, or synchronous, orbit. The
remarks made previously relevant to the solar photocells and isotope thermoelectric systems
apply without change to this class of missions. For those missions that require higher power
levels, solar and nuclear power systems are again compared for the 24-hour orbit (table X-3).
In this orbit, there are about 80 dark periods per year. The longest of these is 72 minutes and
they diminish to zero. For this reason, the energy-storage requirements for the photocell-and-
battery system are much reduced. Instead of the thousands of cycles required for the low-Earth-
orbital missions, only a few hundred cycles are required for a very long-life space station. It
should be noted from paper H that the energy (W-hr/lb) available from batteries increases
rapidly as the number of cycles is decreased. For this appli.cation, it appears reasonable to as-
sume an energy capacity of 10 watt-hours per pound instead of the 2 watt-hours per pound utilized
for the low-altitude orbit, which are probably equally optimistic numbers. It is reasonable to
assume that by the time this mission is flown, some increase beyond this 10 watt-hour per pound
capability can be anticipated. The net result is a significant reduction in the weight required
for the shade or night power. Also, the shade-to-sun ratio becomes much more favorable since
there are approximately 23 hours of light and 1 hour of darkness in the worst circumstances;
hence, the additional weight of extra photocells for charging batteries is also decreased. Thus,
the importance of energy storage on overall system weight is diminished. In the case of the
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Braytoncycle, its biggest advantage as noted previously in low-altitude orbit was its lighter
energy storage. For the 24-hour orbit, the energy-storage requirements are about the same as"
in the low-altitude orbit. There is slightly less weight of collector required because the light-
dark ratio is more favorable, but there is somewhat more weight of heat-storage material re-
quired because the longest time period is extended from 35 to 72 minutes. When both these ef-
fects are included, the weight remains nearly the same; hence, the weight advantage has shifted
decidely in favor of the photocell system.
Table X-3(b) is a summary of nuclear power systems for this 24-hour-orbit television-
broadcast satellite. For this mission, the shield weights are significantly lower than those dis-
cussed earlier for the low-altitude orbits. This marked reduction in shield weight derives from
the unmanned character of the mission. Men and photofilm are probably the two most radiation
sensitive "devices" that e_ist, and the payload in this case is considerably more radiation re-
sistant; consequently, for this and other unmanned applications, relatively lightweight shields
are possible. The characteristics of the basic power-conversion system without shielding are
not affected by the change to a higher orbit and hence are the same as those shown earlier
(table X-2) for the manned orbiting station. It is interesting to note that, with the exception of
the advanced reactor system, the photocell-and-battery system is by far the lightest.
The importance of weight will be a significant factor for this 24-hour television-satellite
mission. For example, if a Saturn V were selected as the booster for this mission, the cost
could well equal the total capitalization of the COMSAT Corporation. As a result, there is a
strong incentive to utilize smaller and cheaper boosters. The next largest vehicle to the Saturn V
would be the Saturn IB. The Saturn IB with the Centaur upper stage has a weight capability of ap-
proximately 9000 pounds in the 24-hour orbit. Comparable to this would be the Titan 3C-Centaur,
which would have about the same weight capability. The Titan 3 with its trans-stage is comparable
to the Atlas-Centaur kick-stage combination, each having a weight capability of approximately
2200 pounds in a 24-hour orbit. Thus, in this case of vehicles, the total payload capability will
range from 2000 to 9000 pounds.
To be attractive, however, the direct-broadcast satellite requires substantial power. If
each home receiver is equipped with, for instance, a 6-foot-diameter parabolic antenna, several
tens of kilowatts will be required to cover one-fourth the United States with television reception
of the present quality. If a value of 50 kilowatts is selected to meet this requirement,
table X-3(a) shows that the photocell system would approach 10 000 pounds, which, by itself, is
beyond the weight capability of the launch vehicles noted previously. Hence, it is clear that
there is going to be considerable pressure in this mission to pick the lowest weight system.
Therefore, again excepting the advanced reactor systems, which would be very attractive when
available, the photocell system appears the most likely candidate. When this mission is ex-
amined in greater detail, the orientation problems and penalities associated with the photocell
system might be significant enough to warrant selection of either the isotope Brayton or SNAP-8
system in spite of the weight disadvantage. From the two basic missions examined so far, it is
apparent that both selection criteria and system characteristics are very sensitive to the mis-
sion application.
Manned missions on the lunar surface is the application of power to be considered. Manned
missions to the moon with currently existing vehicles will be limited to relatively modest efforts
because of the low landed-weight capabilities. The following discussion is based on a cryogenic
274
hydrogen-oxygenlandingstagenot currently developed.The present Saturn V plus this hypo-
_etical upper stage could land approximately 26 000 pounds on the lunar surface. The following
discussion considers power supplies of interest for manned operations based on this 26 000-
pound payload capability.
As noted earlier, a key factor in solar systems is energy storage. In the case of the moon
with its 14-Earth-day night cycle, energy storage will be a major factor. Table X-4 summarizes
the energy-storage requirements for these systems. It is apparent that the batteries and the
heat storage are both prohibitively heavy. Heat storage still shows an advantage over batteries,
as was the case in the Earth-orbital missions considered earlier. However, neither is competi-
tive with fuel cells. These fuel cells would operate as follows: During the lunar day, power
from the photocell system would be utilized to electrolize water. The hydrogen and oxygen ob-
tained would be stored for subsequent use during the lunar night. A fuel-cell system of this type
is described in paper H. Current fuel cells degrade with use; although some few fuel cells have
operated several thousand hours, many others have failed at earlier times. Neither a really
long-life fuel-cell system nor the required long-life electrolyzer is currently available. Hence,
it is not known whether the weight of the fuel-cell system described herein can really be achieved.
It has been assumed that the performance currently obtained from fuel cells and electrolyzers
for short periods can be achieved for these very long times.
Another concept for heat storage is a large bed of lunar soil to cover a tube-and-fin heat
exchanger (fig. X-5). Above the bed of soil are a series of plastic windows and a reflector-
insulator. This reflector-insulator is pulled over the bed at nightfall to preserve as much heat
in the bed as possible. In the daytime, the reflector-insulator is rolled aside, and the plastic
windows act as a greenhouse to trap heat in the lunar soil bed. Heat removed from the bed by
the tube-and-fin heat exchanger might provide an energy supply to a thermal power system. Pre-
liminary analysis of this idea indicates that its value is heavily dependent on the thermal con-
ductivity that can actually be achieved for the lunar soil bed. For this preliminary analysis, the
thermal conductivity of lunar soil was assumed to be that of sand in a vacuum and indicated that
not much heat could be gotten into or out of the bed. Investigations are continuing on schemes
for enhancing this conductivity in some practical way.
Nuclear power supplies for this mission on the lunar surface will have essentially the same
unshielded weight as shown earlier. For this manned mission, shield weight will again be a
significant factor. However, lunar material may play an important role. The extent to which
this lunar material can be counted on for shielding, if at all, will then determine the shield
weight required to be launched with the powerplant.
Two basic approaches were used to evaluate power systems for manned lunar operations.
First is the lunar shelter concept that utilizes the photocell system (fig. X-6(a)). The 26 000-
pound capability of the cryogenic lander is utilized to land a single complete shelter that in-
cludes the power supply, life support, living space, and experiments that would be required for
a small lunar station. In the case of the isotope Brayton system (fig. X-6(b)), approximately
1000 to 1500 pounds of the total system weight would consist of shielding. These relatively high
weights would be required because of the proximity of the power supply to the men for long peri-
ods. If lunar material could be utilized for shielding, or if the power supply could be removed
from the vehicle and placed at some distance from the men, the weight of this system could be
reduced to approximately 2000 pounds. The isotope power supply is considerably lighter than
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thephotocellsystemfor this application,andweightwill bequiteimportantsince26000pound_
is theweightlimitation ona SaturnV launchvehicle. TheSaturnV itself is estimatedto cost
approximately $100 million. On this basis, weight is quite significant, and the nuclear power
systems are the more attractive.
The second approach to evaluating power systems for manned lunar operations is shown in
figures X-7 and X-8. In this case, it was assumed that the entire payload of a cryogenic lander
could be devoted to the power system for an advanced and relatively elaborate lunar base. Wi'th
this weight capability, a 20-kilowatt photocell - fuel-cell power system could be landed. In the
case of the SNAP-8 power system, the unshielded weight with one set of redundant power-
conversion equipment is shown. For SNAP-8, it was assumed that advantage would be taken of
local topographical features such as the crater rim shown in figure X-8 and that lunar material
could provide a substantial portion of the shielding requirements. On this basis, the 35-kilowatt
SNAP-8 would only use half the weight capability of the cryogenic lander if no shielding were re-
quired. Thus, once again, because of the severe energy-storage requirements for solar power
systems in the lunar environment, it appears that the nuclear system is the more attractive.
One additional manned lunar mission was considered, that of the three-man roving vehicle;
figure X-9 illustrates this concept. The deployed panels on the top of the vehicle are radiators
for the hydrogen-oxygen fuel-ceU system for motive power. The phantom outline represents the
radiators for an isotope Brayton system to provide this same power requirement. Figure X-10
shows the weight requirements as a function of propulsion time. The weight of the fuel-cell
power system is nonlinear because, as the weight of reactants increases with propulsion time,
the horsepower required to drive the vehicle increases. The weight of the isotope system is, of
course, constant with time because of the long half-life of the isotope. For relatively short pro-
pulsion times (of the order of I00 hr), the fuel-cell system offers a weight advantage. However,
for longer propulsion times, the nuclear system becomes more attractive.
The interplanetary missions comprise the next group of applications considered. For the
unmanned exploration of the inner solar system (anywhere from Mercury to Mars), it appears
that either solar photocells or an isotope thermoelectric system can provide the power. This
application will not be considered further; however, table X-5 compares power systems for a
manned Mars mission. The day-power weight shown for photocells is more than twice that shown
earlier for this system because the design power here is that generated at Mars, and the dimin-
ished solar flux at Mars results in increased photocell weight. No night power is required for
this planetary mission because the trajectory can be selected to be in the Sun continuously.
Normally, some batteries would be required to furnish peak power with the photocells providing
a constant average power; however, the greatest requirement for batteries on this mission is
likely to occur at planetary entry. This mission would probably use atmospheric drag in the
planetary entry either at Mars or at Earth return, or perhaps at both. For this phase of the
mission, the solar panels would have to be folded. It is assumed that this period of time would
be approximately 1 hour. This portion of the mission has not been analyzed in sufficient detail
for this time period to be accurately estimated; however, the penalty in table X-5 of 70 pounds
per kilowatt for batteries is indicative of this requirement. The weight penalty would be linear
with the time required for aerodynamic breaking; hence, if it were 5 hours, a 350-pound-per-
kilowatt penalty would be incurred. Thus, as far as weight is concerned, it is again an impor-
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_antfeatureonthis mannedplanetary mission, photocells and batteries will be the most attrac-
five system provided that the energy-storage requirement is not severe. If the planetary entry
period is protracted, interest might very well shift to the isotope Brayton, which would require
no orientation or deployment.
Figure X-11 compares power systems for unmanned outer-planetary missions. At Jupiter,
for example, the solar flux is only 4 percent of that occurring at Earth. While use of solar
photocells is theoretically possible, it appears that the solar photocell system will be unattrac-
tive for this mission. The radioisotope thermoelectric generator would, however, be a logical
choice. As the distance from Earth increases, however, the communication bit rate diminishes
rapidly. For example, with the 210-foot dish (the largest ground antenna under construction
today) and an 8-foot vehicle antenna, a power supply of approximately 500 watts could furnish
about 4 bits per second from the orbit of Jupiter. From Neptune, this bit rate would diminish to
perhaps 1/2 bit per second. Typical Surveyor pictures of the moon contain about 106 bits of in-
formation. Thus, if pictures are desired, it is theoretically possible to obtain them, but the con-
tinuous times required (days or weeks) do not appear practical. In order for the bit rate to be
increased, and hence, for the information to be obtained more quickly, a method for augmenting
power at planetary encounter was considered and is shown in figure X-11. The 500-watt radio-
isotope thermoelectric generator would provide power on the way out when not much power is
required; a 10-kilowatt hydrogen-oxygen fuel-cell system is also provided in order to increase
the information rate when required, as at planet encounter, for example. This hybrid system is
then compared with a 10-kilowatt isotope Brayton system that would have the 10-kilowatt power
available over the entire mission. If all the information desired can be returned in a few days
or less, a chemical supplement, such as the hydrogen-oxygen fuel cell, to a 500-watt thermo-
electric generator would seem an acceptable power system. However, if longer periods are
desired, once again, the isotope Brayton appears to be the system of choice.
There is one other mission that has not been considered in this discussion and that is elec-
tric propulsion. For the electric propulsion missions of interest, both very high power and very
light weight will be required. The chances are good that the advanced reactor system is the only
power supply really suitable for electric propulsion. Because of their light weight, if energy
storage is not a requirement, photocells have been considered, and it is conceivable that solar
cells might be of some interest for electric propulsion.
This concludes the mission survey. Throughout this discussion, it is apparent that the
interesting powerplants depend heavily on the mission itself. Energy-storage requirements, the
amount of sunlight available, shielding requirements, and the extent to which lunar material can
be utilized all have their effect on the attractiveness of these powerplants. The general con-
clusion that can be drawn from this discussion is that there is clearly a place for both solar and
nuclear power systems for the missions discussed here and probably a place also for the ad-
vanced systems described in this conference.
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TABLE X-I. - SOLAR IK)WER SYSTEMS
FOR MANNED ORBITING STATION
System
Conventional photocells
and batteries
Thin-film photocells
and batteries
Brayton cycle
Weight, Ib/kW
Day Night
power power
50 400
30 to 70 380 to 420
240 60
Total
collector
Total
area,
ft2/kW
450 230
410 to 490 400 to 600
300 70
TABLE X-2. - NUCLEAR POWER SYSTEMS
FOR MANNED ORBITING STATION
System !Power,
kW
Isotope Brayton I0
SNAP-8 35
SNAP -8 20
thermoelectric
Advanced reactor 300
Weight, Ib/kW
Unshielded Shield Total
350
350
550
3O
0 to 50
250 to 550
450 to 950
30 to 70
350 to 400
600 to 900
1000 to 1500
60 to 100
Radiator
area,
ft2/kW
8O
35
100
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TABLE X-3.
System
- TELEVISION-BROADCAST SATELLITE
IN 24-HOUR ORBIT
(a) Solar power systems
Weight, lb/kW
Photocells and batteries
' Brayton cycle
Day Night Total
power power
50 140 190
240 60 300
Total
collector
area,
ft2/kW
120
5O
System
(b) Nuclear power systems
Power, Weight, lb/kW
kW
Isotope Brayton 10
SNAP-8 35
Advanced reactor 300
Unshielded Shield Total
350 0 350
350 50 400
30 5 35
Radiator
area,
ft2/kW
8O
35
4
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TABLE X-4. - ENERGY STORAGE
FOR SOLAR POWER SYSTEMS
ON MOON
System Weight,
lb/kW
Batteries
Fuel cells
Heat storage (Brayton)
34 000
1 000
15 000
TABLE X-5. - POWER FOR
MANNED MARS MISSION
Day Planet Total,
power, entry lb/kW
lb/kW power,
lb/kW
Photocells and batteries
120 70 I 190
m
Isotope Brayton
Unshielded, Shield, Total,
lb/kW lb/kW lb/kW
350 0to 150 350to 50(
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cs-40370 
Figure X-1. - 30-Kilowatt conventional photocell system for 
manned orbi t ing station. 
C S-40372 
Figure X-2. - 30-Kilowatt solar Brayton system for manned 
orbi t ing station. 
Figure X-3. - S?!.4P-8 power system for manned orbi t ing station. 
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ADVANCED
REACTORSYSTEM
CS-40202
PHOTOCELL SYSTEM
Figure X-4. - 300-Kilowatt power systems for manned orbiting station.
Photocell-and-battery system: weight, 138000 pounds; area 69 000
square feet. Advanced reactor system: weight, 24 000 pounds; area,
1200square feet.
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PLASTIC
WINDOWS
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CS-40500
FigureX-5.-Conceptuallunar-soilheat-storagedevice.
282
(a) 5-Kilowatt 6000-pound photocell system. CS-40297
//
_ _-_ CS-40293
(b)5-Kilowatt3000-poundisotopeBray_onsystem.
FigureX-6.- Lunarshelter.
"_ 4°. -'_
0298
Figure X-7. - Lunar base 20-kilowatt, 26 000 pound photocell - fuel-cell
power system.
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CS-40536
Figure X-8. - Lunar base 35-kilowatt, 12 000-pound (plus shielding) SNAP-8
power system.
Figure X-9. - Three-man lunar roving vehicle.
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Figure X-10. -Three-man lunar roving vehicle powersupplyweights.
Speedon level terrain, approximately5 miles per hour.
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Figure X-11. - Power for unmanned outer-planetary missions.
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